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Abstract

The estimate of software development cost is a key piece of information

in many software management decisions, No technique exists which can

consistently produce the reliable and accurate cost estimates which managers

need. This thesis research effort explored the software cost estimating

process at the Electronic Systems Division (ESD) of the Air Force Systems

* I Command. The purpose of the research was to provide managers, researchers,

and cost estimators with a better insight into the cost estimating process.

Data were gathered from 16 major software acquisitions at ESD using

both a.structured interview and contractor furnished Cost Performance

Reports. The research findings identified some major problems which are

current-y inhibiting the development of accurate and reliable software

cost estimates.

To reduce these problems, recommendations are made to adopt a common

cost estimating technique and to modify the une of contractor furnished

aoftware cost information. While the research was limited to ESD, the

research findings and the recommendations may be applicable to other DoD

software acquisition agencies.

4"

v:Li

L7



GSM/SM/76S-4

AN EXPILORATORY STUDY OF SOFWARE COST ESTIMATION AT

THE ELECTRONIC SYST&S DIVISION

1, Intro~action

DoD program managers will buy an estimated three billion dollars worth

I. of software in 1976 (Aviation Week, 1976:41). OtherŽ managers throughout

the United States will buy an additional fifteen billion dollars worth of

software (Boehm, 1975:4). These managers face a common problem in pre-

dicting or estimating the cost of software.

k In general, the accuracy of software cost estimates has been poor.

Underestimation by a factor of 2.5 is common while overestimations are

unheard of (Schwartz, 1975:56). While a number of efforts have been made

/to develop improved cost estimation techniques, no generally ticcurate nor

reliable method for estimating software development costR has been found

(Morin, 1974).

obJective

The objective of this research effort is to describe the natare and

. status of the software cost estimating environment.

The purpose of this resoaa'ch is to provide managers, researchers,

and cost estimators a better insight into the software cost estimating

problem. It is hoped that this increased insight into the problem arek

will ultimately result in improved software cost estimation.

S~1
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Sco•e •al LSLttiS1o0s

This research effort is limited to describing the software cost

estimating ezkVtrnaa*ant in the Electronic Systerm Division (ED) of the

Air Force Syetens Command, RSD is located at Hanscom AIB in Maasachuzetts

and is responianble for a zajor portion of Air Force softrare acquisitions.

While software i.9 also procured at other Air Force lo,-ationi, tlhe tol

weeks availablo for this research effort dictated that only th' ESD

environment could be explored.

In additlon, the research is limited to thoue major software aoquisi-

tiona At EBD vhLch are currently proposed, are under way, or are recently

completed. TMin limitation was necessary due to the general non-avail-

ability of data concernang past programs and limited the data sources to

twenty-one mneor aoftware acquisitions.

No clavolfjed data was collected during the research etforts gowever,

this had no i-xpact upon the research due to the unclassified nature of the

data which wVA sought.

One lat• timitation on this research effort is caused by the method-

ology which was selected. The data were largely collected using a

stiuctured Uktarvyiew, The limitations of this technique are discussed in

Chapter 4, MetbOdology.

ApRlicabilitt2 of Research Findings

since t:e research Is limited only t; software developments at EID,

the applizab~ll:ty of the research findings 0 other software developments

may reasonabZly be questioned,

2
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In many ways, the ESD environment is unique. ESD receives systems

engineering support from the MITRE Corporation, a Federal Contract Resear'oh

Ceuter (FCRC). The rela~tionship between ESD program offices and MITRE in

somewhat unique in the DoD. Also, the types of systems procured by ESD

aPre primarily command, control, and communications systems. The relation-

ship betwoen these types of software devolopmenta with other types of

software developments (e.g. avionics1 , inventory control, personnel systems)

is not well defined.

However, despite the somewhat unique aspects of the ESD environment,

there are many ý.acets of the environment whith are quite similar to that

of other DoD software acquisition agencies. The types of contracts

issued, the regulations covoring system acquisition, and the common

weapon system cycle tend to make the software acquisitions of ESD similar

to that of other DoD agenciec. Also, the software systems at ESD are

generally large software systems in excess of $500,000. The very size

of the software acquisitions tends to produce many common effects in

software development regardless of the intended application of the soft-

ware system.

Therefore, while the uniqueness of the ESD environment may tend to

limit the application of the research findings, it appears reasonable to

assume that these findings may apply in general fashion to other large

software developments made by other DoD agencies.

Assumptions

Since the research is descriptive in nature, no explicit assumptions

are made connerning the software cost estimating environment at ESD.

16
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To date, most of the research in the area of software cost estimation

has been in the search for causative relationships. Researchers are trying

to determine the relationship between various software parameters and cost.

There have beeD no published efforts which have described the environment

in which cost oýtimates are made and used. Ths writer bolinvub that "uch

A research effort has value to three types of oeople.

The Manager. The manager of a software development makes a number of

decisions which rely on a software cost estimate. To make these decisions,

a manager must understand the data with which he is presented. This

research seeks to aid the manager's understanding of the software cost

estimating process so that he may better utilize the estimates presented

* to him.

Maaagers are frequently evaluated on how well budgeted cost agrees

with actual cost. If a software project experiences a 200% overrun, the

manager's performance may look poor. However, with the current state of

software cost estimating, it is difficult to determine whether the 200%

overrun was due to poor management or poor estimating. This i-esearch

effort hopes to assist managers in understanding why software cost esti-

ma -es are difficult to prepare and frequently erroneous.

•i. '!•,d The Researcher. Research continues in an effort to establish valid

cost estimating relationships for software. To date, these efforts have

met with very limited success. A major objective of this descriptive

research is to provide other researchers with clues to cause and effect

, ~relationships which may exist. This effort may help to explain how and

why certain cost estimating techniques are used or not used. Equipped

with a bettor insight to the nature of the software cost estimating

4t* 4 ~ i
i ,I l

**-/--.-.----------7 ;



GSM/53N/76S-4

t environment, other researchnrs may be assisted in their efforts.

2The Cost 4stintor. The cost estimator is faced with the task of

assigning a cost to software, a very intangible object. Other cost esti-

mators need only to measure the weight and speed of an aircraft to reason-

ably satimate aircraft costs. However, the software cost estimator does

not find his job easy. He is faced with numerous techniques which require

the use of a large number of vaguely defined variables. He continues to

K. . " search for a better method, but cannot amass enough experience on his own

to determine which techniques are better than others or which techniques

are easier to apply.

Thin research effort does not develop a new cost estimating tech-

nique. It does not determine causative relationships. Instead, this

"effort only seeks to describe the environment surrounding the software

cost estimation process. A basic objective is to communtcate the experi-

ences of some software cost estimators to other software cost estimators.

The sharing of experience in this area has been limited. This study seeks

to enhance the sharing of information.

Thesis Outline

The thesis consists of six chapters. The first chapter has discussed

the nature of the research effort.

Decision Making and Software Cost Estimates. Chapter 2 discusses the

decisions made during the weapon system acquisition process which rely

upon a software cost estimate. These decisions range from selecting a

weapon system to awarding software contracts.

State of the Art of Software Cost Estimating. Once the reader is

familiar with the decisions which utilize a software cost estimate,

*" .,", 7i
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" -rChapter 3 examines the current state of the art of software cost *stimat-

ing. To understand the ESD environment, one must first understand the

state of the art of software cost estimating as presented in the litera-

ture. Five general categories of cost estimating techniques are reviewed.

; 'The problems associated with using these techniques or with developing

new ones are also discussed,

Methodology. After the background provided by Chapters 2 and 3,

I ' Chapter 4 details the methodology used for the reaearch effort. The

I. hypotheses which were initially formed as well as the interview developed

to test the hypotheses are discussed in general.

Findings. Chapter 5 contains the research findings, Each of the

initial hypotheses are reviewed along with the data which was collected.

The data are analyzed and a determination is made concerning the research

hypotheses,

Recommendations. Chapter 6 closes the research effort with some

recommendations based on the findings.

61
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I, ;, II. D9oisioM A Software Coat Estjmfto

Before looking at how software cost estimates are made# it is impor-

tant to understand how the estimate is used in making 4 ecisions. This

chmpter discusses the decisions made during the weapon system acquisition

process which are influenced by the software cost estimate.

Economic Evaluation Of Weapon Systems

The software development cost estimate is used in the economic

evaluation of weapon system alternatives. For example, the Air Force

might be faced with deciding whether to update an aging air defense

system or to develop a new, advanced system. To make this Aecision,

decision makers must understand the cost of the hardware and software

associated with each alternative.

While softy re cost may have been minor in the past, it is now

frequently a major component of total system coat. For example, the

World Wide Military Command and Control System (WWMCCS) will expend over

$722 milli.on on software and less than $100 million on hardware (Air

Force OSR, 1973:28), During nine years of development, the Army spnt

an estimated $467 million on software development for the Safeguard

System (Ashe et al, 1975:2-15). Over a four year period, the Minuteman

program office spent $124 million on software (Ashe et al, 1975:2-22).

In the 1980's software can be expected to become am ever increasing portion

of weapon system cost. Therefore, to evaluate alternative weapon system,

a decision maker must have a reliable software cost estimating technique.

K 7
,>4 ?
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Desiam Tr~deoff

The software coat estimate is also used in making engineering design )
tradeoffs within a weapon system,. Design engineers must decide whether to

select an older computer with a large set of support software, or to

select a newer conputer with more computational speed but less support

software. They must decide whether a. particular function ic tust performed

by software, by hardware, by firmwarev, or even by manual proceduros, They

must also decide whether to "make or buy" software.

With the advent of microprocessing, "off the shelf" software packages,

and other developments, the design engineer is faced with a myriad of

design alternatives. To select the best alternative, the engineer must

be able to reliably estimate the software development cost associated

with each alternative,

Budget~ing

The software cost estimate forms the basis for the budget or financial

plan of the weapon system. Errors in the estimate cause errors in the

budget. If software costs are seriously underestimated, a program manager

might have to request additional funds from DoD or Congress, Additional

funds might not be readily available causing the weapon system to slip

its schedule while awaiting additional funds,

In general, the request for additional funas is quickly labeled A

"overrun" and not "inaccurate estimate". The program manager finds that

his program is subjected to increased surveillance and that his manavement

flexibility is reduced (Large, 1974:10).

Therefore, to avoid the problems associated with seeking additional

funds and to avoid the criticism associated with overrunsm , a program

8
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manager needs a reliable technique to estimate and budget software develop-

x meont cost.

Cotpetitive Contract Award

K: I The software cost estimate is also a primary factor in the award of

software development contracts. Proposals from competing contractors are

analyzed and the contract is usually awarded to the lowest bidder. If

I. the lowest bidder's price is unreasonably low, two problems are created.

First, the contract award is inequitable. Awarding to a bidder who

4 has seriously underestimated the cost of a contract and is eventually

bailed out by the government penalizes other bidders who more accurately

understood and estimated the contract requirements.

A second problem develops from awarding a contract at an unreasonably

d rlow cost. In a study done by RAND Corporation, their findings indicated

that underestimating a contract leads to cost growti An excessively low

bid forces a contractor to make unwise decisions in an attempt to stay

within costs, For example, the contractor might award to a less qualified

sub-contractor or place insufficient emphasis on the production, operation,

and maintenance aspects of a weapon system. When contract costs rise, the

government frequently bails out the contractor and is faced with paying

not only the true or expected cont of the contract, but also the additional

costs caused by the contract^-'s unwise decisions (Large, 1974).

Therefore, in order to equitably award a contract at a reasonable

price, contractors and contracting officers need a reliable technique of

estimating software costs.

4,
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CQntract ScheoUle aLd Manspower

The winniag contractor uses his estimate of software development cost

to determine how many men to assign to a project and how many months to

allocate to software development. If coftwate costs are underestimated,

either too few programmers will be assigned to the project or .oo short

a period will be allocated for software development.

When the contractor becomes aware of the true size and coat of tho

software, he must either add programmers to the project or extend the

projectls schedule. Either of these actions can create new problems. For

example, when new programmers are added to a project, the original pro-

grammers stop producing software while they train the new programmers and

develop a new software production plan. The cost of this additional

training and planning effort increases software cost even higher. Main-

taining tb-. existing schedule by adding people might appear simple, but in

many cases the results are disastrous (Brooks, 1975:24).

On the other hand, extending the project*s achedule also creates

problems, Most weapon systems are both hardware and software developments

with software frequently on the critical path of the schedule. While

waiting for a small software effort to be completed, an eutir. multi-

"million doliar program might be delayed. The indirect cost of software

due to this type of delay could be fifty times the additional software

cost (Findley, 1974:15). This large indirect cost is due to the siguifi-.

cant impact software can have upon the schedule or performance of a

•reapon system.
'L4

Another less obvious problem can result from providing inadequate

time or manpower to a software project. When the software project manager

10
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1.•. finds himself rxna.ng short of time and manpower, one possible action he

SMight take is to reduce the quality of the softwo-re product. de might

encourage inefficient programming, less testing or poorer documentation

in an effort tV remain within his inadequate resources.

Therefore, to avoid the problems associated with inadequate schedulos

and manpower, a manager needs a reliable technique for entimating softwarce

developwent resources,

Another use of the software cost estimate is in monitoring the status

of software development. It is difficult to establish clearly defined

technical milestones for software. Because of this difficulty, a common

' method of evaluating the technical status of software development in to

compare the contractor's actual cost to the contractor's budgeted cost.

For example, if a contractor has expended 90% of his budgeted cost for

software, one might infer that the software is 90% complete. However,

such an inference is only correct if the budgeted cost of software is

accurate. If the budgeted or estimated cost of software is wrong, then

the gove.•nment is only monitoring financial expenditures and not technical

progress,

If valid status indications are to be obtained for aoftwar- develop-

ment, ai improved set of technical milestones for software as we-!l an a

reliable softwarc cost estimating technique are required.

Reasonable Estimates And Good DIctsions

Cost estimators cannot predict the future. No crystal ba'lls are

involved. Instead, a cost estimator tries to determine a "reasonable"

9 11
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"value for the resources needed to carry out a particular plan. Therefore,

a decisioa maker cannot expect highly accurate cost estimates to support

his decisions.

However, all of the previously !.iscussed decisions do not require

highly accurate estimates, Most of theto decisions could probably be made

reasonably well with an estimate that vaxied a" much as Ilua or minus 25%.

However, as we shall see in later chapters, current techniques available

for estimating software cost frequently have errors in excess of 250%.

With errors of this magnitude, making good decisions concerning software

developments becomes increasingly difficult if not impossible,

If we want to make good decisions concerning software, we need to be

able to reasonably estimate software costs. IV we want to make tradeoffs

between systems and within a system, if we want to award contracts

equitably and carry them out successfully, then decision makers must have

a reliable technique for estimating software development cosl.. With

these decisions in mind, we can now look at the state of the art of soft-

ware cost estimating and examine the techniques which are currently

available.

12
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II.,31t ie O.Th Art 21 Softw&re Cost Est1matla

Having sen how managers and engineers use a software cost estimate

in making decisions, we can now exaLine the various techniques which are

availablo for making software cost estimates. Those techniques can be

categorized into five types: unit prico, specific azalogy, expert opinion,

cost to cost relationship, and non-cost to cost relationabsI. Each of

these techniques seeks to relate an historical cost to a future cost

(Jones, 1965:19-20), This chapter examines the state of the art of theose

•:') five techniques, The problems associatod with using them or with developing

a new technique are also dlscussed.

Probably the most common estimating technique used to predict software

cost is the unit price or cost per instruction technique. This technique

first develops an expected cost for a single computer instruction in a

certain computer language. For example, after examining previous JOVIAL

computer program developments, an average or expected cost of a JOVIAL

computer tnstraction can be determi.awd, The second step in the technique

is then to size the new software by estimating the number of JOVIAL

instructions required. Multiplying the expected coat of a JOVIAL instruc-

tion by the estimated number of JOVIAL instructi.•i yields the estimated

coat of the software development,

The relative simplicity of this technique may w, •,oini: fo.t, :.its frequent

use. However, there are numerous problems astociated with i' technique. ,

First, selecting am appropriate cost per instruction factor is rlMfficult

, because of the lack of a well defined data base. Second, the tvrhnique

'1

13
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requires the estimator to predict the number of computer instructions in a

computer program. This is sometimes as difficult as predicting software

cost. Third, there is some question about the e.ccuracy which results when

the number of instructions is used to predict cost, Since this technique

is common in use, it is important t(, understand each of these problem

areas,

"Cost" Per Instruction, While the term "coi' per inatruction" might

appear simple and straightforward, it is anything but that. Defining

exactly what is meant by "cost" and what coat elements are included is

difficult, For example, does the term cost only measure the direct labor

hours of computer programmers or does it includc the dirct labor of

managers, keypunchers, secretaries, and computer operators? Is only direct

labor included or is the cost of overhead included? For example, computer

time might represent as much as 25% of a software development cost

K (Wolverton, 1974:629), However, some coat per instruction factors might

not include amch a coat,

In factl any approach in accumulating software cost elements would

probably be reasonable as long as the approach was consistent and well

defined, This is a major problem since no guidelines exist which indicate

which cost elements should be accumulated in determining a cost per

instruction factor, Even if such a guideline existed# contractors might

have difficulty in following the guideline due to differences in corporate

accounting practices. For example, one company might allocate computer

costs based on direct programmer man-hours while another company might

allocate these coots based on direct programmer salary dollars. The two

techniques would introduce problems in comparing the cost per instruction

* 4
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factors of two companies, Numerous other areas exist where differences in

contractorst accounting systems might preclude comparison of data.

However, even if these difficulties could be eliminated, ainother

major problem is encountered in measuring cost per instruction. Software

development is a process. The exact beginning and end of the process are

not well defined. Some cost per instruction factors only address the coot

during the design, coding, and debugging phase" of software development.

However, a software development has a significant amount of activivy prior

to and after these phases. For example, before a contractor cAn begin to

design a computer program, he frequently has to analyze the userts opera..

tional requirements and prepare a system specification. System interfaces

If must be defined and data bases designed. In addition, the contractor

frequently develops program test plans and specifies input/output message

formats. All of these tar-'r consume resources during a software develop-.

nent prior to the design of a single computer program.

After a programmer has debugged a certain computer program, the kIoft-Sware development is usually far from complete. The contractor normally

must plan and conduct an integration test of all programs and a system test

of hardware and software components. Programmers must sometimes train user

personnel or maintain the software for a certain period after the software

has been delivered, These costs are usually substantial and they occur

after the software has been debugged.

If agreement can be reached on what cost elements should be measured

in the coat per instruction, then it is equally important to agree on what

parts of the software process are to be measured. Each part of the pvocess

needs to be well defined and cannot simply be referred to in broad terms

such as "design" or "test". When both the elements of cost and the parts

v JI,15
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of the software development process have been agreed upon, a common meaning

for the term "cost" can be established for determining an apjprOPrIate cost ",> •

per instruction factor.

Cost Per "Instructlon". Unfortunately, determining the appropriate

cost wuld not end the problems of the term "cost per instruction". Thero

are considerable variances in the intorprotatioa of thu tumr "inatruction"

For example, some estimators claim that the instructions which should be

counted are source instruction. They reason that a single source state-

ment is the product of the pringri.er and is the best measure of programmer

output, Others, however, •, i that the number of object instructions

should be measured. Object instructions are the computer instructions

which result after the original source instructions have been compiled by

the computer. This group believes that the use of object instructions more

accurately measures programming output.

While either source or object instructions might be appropriate

measurns, one cannot use both. A single source instruction in JOVIAL can

lead to five or more object instructions. Frequently, literature which

discusses cost per instruction factors does not clarify which type of

instruction was used in determining the factors.

Another problem exists in identifying the language which is being

used. Much of the literature simply refers to the cost per instructiun

for an HOL (Higher Order Language) aad does not differentiate between

Fortran, Cobol, or JOVIAL developments. The use of a common HOL estimating

factor ignores the differences among languages.

Still another problem is whether or not 3nstructions should be classi-

fied by type. A set of instructions in a time sensitive program might be

y" much more difficult to develop than a set in which time was noý a factor.

16
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Both the System Development Corporation (SDC) researchers (Nelson, 1967)

and the Tecolote researchers (Frederic, 1974) found that by classifying

instructions into certain categories, the correlation between the number

of t instructions of a category and cost was significaxitly improved. Yet,

despite the differences in categories of instructions, most literature

simply refers to a single cost per instruction factor without identifying

the categories of instructions which led to the particular cost factor.

Perhaps the least obvious problem in counting the number of instruc-o

"tions produced is to determine which instructions should be counted. Mont

weapon systet, Poftware developments are not limited to the development of

operational software for the weapon system, Instead the development

includes assemblers, ^ompilers, libraries, simulators, test tools, and

data reduction programs, Adding these instructions to the instructions

from the operating programs yields the totae numbe. of deliverable instruc-

tions. However, the literature frequently does not identify whether the

cost per instruction factor was determined based on the number of opera-

tional computer instructiona or the number of delivered instructions,

Since this difference can be quite substantial (Manley, P975:53), it is

I; imperative that the basis for counting instructions be as well defined as

the basis for defining cost.

It can be seen that the simple phrase "cost per instruction" is nut

quite that simple. Any effort to accumulate a historical data base would

have to jquire that explicit definitions be established and that accounting

systems be similar. Without such an effort, the data used to develop a

cost per instruction factor would be questionable. This was demonstrated

in a research effort by Tecolote Research. At the nstart of their research,

they had 387 data pointr from different software development efforts. The

17
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data included cost information (sometimes in terms of man-months) and an

instruction count, The lack of information concerning the cost elements,

the software development phases measured, and the types of instructions

which were counted led the Tecolote researchers to abandon 382 of their

387 data points. They then pro, -- ded to develop an estimating methodology

based on the five data points about which then had reasonable information

(Frederic, 1974).

EstimatingThe Number Of Instructions. If an appropriate cost per

instruction factor has been developed by careful data collection, the

estimator then needs to estimate the number of instructions required in

the design of a weapon system. Weapon system software packages frequently

involve hundreds of thousands of instructions and an accurate estimate in

difficult to make. This difficulty is not unique to weapon system software

packages. For example, on a software development by UNIVAC for United Air

Lines, the initial estimate of the number of instructions required for each

transaction was 9,000. The system was cancelled when the number of instruc-

tions per transaction had escalated from 9,000 to 146,000 (Schwartz,

1975:56). This type of occurence is all too frequent in both commercial

and defense developments.

Two factors which affect the ability of the estimator to predict the

number of computer instructions are the experience of the estimator and

the amount of detailed design information which is available. To estimate

how many instructions are required in a software package, an estimator

normally breaks the package down into programs and subprograms until the

size of the software modules cau be estimated based on similar developments

or experiences. Just as a junior electrical engineer cannot architect the

hardware for an IBM 360 computer, neither can a Junior programmer architect

18
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Sai or demign a major software system. Breaking a large software system into

small modules which can be understood and estimated requires a high degree

of software talent. It is the type of talent found in experienced system

analysts or senior programmers, It requires a significaut design effort

and cannot be done quickly un the back of an envelope.

When breaking the software package down, the estimator trios to get

Sdown to a level which is reasonably comprehensible, For example, to say

that applications software will be 100,000 instructions in size is probably

a guess and not an engineered estimate. However, to divide the applications

software into programs and subprograms so that one can say that a certain

message processing module will require 600 instructions indicates that a

certain amount of engineering design and definition has preceded the

estimate.

In order to break the software into small modules, the software archi-

tect or designer must understand the functions and subfunctions which are

to be performod by the system software. For example, he must recognize

that a certain message processing function must be performed by a software

module. This assumes that the operational requirements of +he user are

well known and that a system specification has been prepared which identi-

fies software and hardware functions, However, the degree to which such

design detail is available to the estimator depends upon the stage of

weapon system development. During the conceptual phase, little design

information is available and an estimator must resort to gross estimates

such as 100,000 instructions for applications software. As the system

progresses through development, the amount of design information increases

to where an estimator can now predict that a message processing module is

required.

19
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It is important to note that the estimator requires both talent and

design Information. Recognizing that a message processing module is

required doesnft help unless the estimator can utilize his knowledge or

o experience to estimate the size of the module. Likewise, being able to

size the message processing modale does not mean that an estimator has

either the capability or the necessary design dotail to breW u a 100,000

instruction aoftware package into small 600 instruction modules. Thus,

these two factors of talent and design detail seriously impact the ability

of the estimator t* estimate the number of instructions.

Instructions As A Predictor Of Cost. If aa estimator arrives at

reasonable values for the cost per instruction factor and the number of

instructions, the resulting cost estimate still might not be reliable.

The problem is that the validity of using the number of instructions as a

predictor of cost is questionable. First, the use of a cost per instruc-

tion factor does not specifically address other factors which influence

software cost. A study by the System Development Corporation (SDC) for

the Electronic Systema Division of the Air Force Systems Command identified

94 variables which influence software cost. These variables address not

only the properties of the software and the weapon system, but also address

external factors which can affect the software acquisition process. Using

a simple cost per ins-ruction factor ignores many other variables which

can impact cost.

Second, the relationship between the number of instructions and cost

has not been well defined by past research efforts. Much of the literature

simply assumes that the relationship is linear and applies the same cost per
WV

instruction factor to developments which are 1,000 or 1,000,000 instructions

in size, However, a few research efforts postulate exponential relation-
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if, ships between cost and inst,-uctions°

The SDC study (Farr and Nanus, 1964:242) developed the following

relationship:

Man-months of Effort = (Constant) x (Number of Instructions)1 "5

On the other hand, Tecolote Research (Frederic, 1974:34) using probably

the largest number of data points (i.e. 387) found the data best described

by:

Cost (in FY73 $ K) = 0.079 (Aumber of Instructiona)0.84

(Again, however, the Tecoloto researchurs found such a low correlation
between this relationship and the data, that they eventually abandoned

almost all of their 387 data points and built a cost model around only

five points.) Both the effort by Farr and Nanus and the effort by

Tecolote utilized the number of delivered object instructions and yet the

results differed significantly,

A third research effort by IBM (Malone, 1975:1-8) based its study on

the number o- source statements. Their findings yielded the following

relationship:
Mau-months = .00007 (Number of InstructiouAs)1.1386

Again, this result in significantly different from the other two research

efforts.

Each of the three research efforts did not recommend the use of their

findings to estimate software cost. This was due to the problems of

gathering comparable data, to the small data samples, and to the low

correlation coefficients which were obtained.

It is clear that the relationship between the number of instructions

and cost is uncertain. Whether the relationship is linear, or *xponential,

and what values of constants should be used are currently uncertain. Not
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until a detailed and extensive research effort has verified the predictive

ý,K relationship between the number of instructions and cost will an estlmator

be able to apply this estimating technique with a good degree of confidence.

Use Of Cost Per Instruction Technique. Despite the numerous problems

associated with its use, the cost per instruction technique is and probably

will remain the most utilized technique. Its prevalonco is porhapa duo to

its simplicity and the appearance it provides of a scientific approach.

It implies that an appropriate cost per instruction factor has been selected

based on similar software developments. It alao implies that a detailed

software design has been performed to determine the number of instructions

in the software package. Whether or not these two implications are in fact

true should be strongly quentioned by managers, engineers, and cost
)
t estimators who are presented with cost estimates based on this technique.

Specific Analogy

A second cost estimating techniqae is specific analogy where future

softwaro costs are estimated from the hintorical costs of a similar software

developwent. This technique is frequently used in estimating the cost of

manufactured goods. For example, if previous production costs for a tele-

vision set are known, a manager can use this information to predict future

production costs of a similar television set.

However, in applying this technique to software, there are two major

problems. First, there is limited historical data concerning the softwails

cost of past weapon system developments (Air Forco OSR, 1973:46). Second,

the nature of software is such that there is usually limited similarity

between any two software developments.

Historical Data. To utilize the specific analogy technique, an

estimator must first determine the software costs associated with a similar q.

22
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program. This is difficult for a number of reasons. Until recently,

software costs wor:e generally not separated from the hardware cost of a

weapon system. Work breakdown structures which encourage detailed software

cost and status reporting are still lacking (Ashe et al, 1975:Vol 2, 2-35).

A few pro&r7ams have required that software cost be separately identi-

fied and recordod. Unfortunately, that data suffers from the kack of

definition which has previously been discussed. There is uo common

agreement or standard which details what elements of cost i•re software

related. For example, during a system test of hardware d softwaro,

programmers are required to develop test plans and to modify programm.

. I Whether these costs are charged to system test or to software depends upon

the accounting system and the work breakdown structure. Again, the cost

elements and the phases of software development which are included in

available cost data are not well defined.

Until a'common set of definitions and a common data collection require-

ment is levied upon major weapon system developments, a software cost

estimator using the specific analogy technique will probably have to rely

on the use of only one or two historical data points gathered by personal

contact or personal experience.

Software Slmilarit•. After determining the software cost of a similar

development, the ostimator must then make a somewhat subjective set of

judgments concerning the similarity of the new development with the old

development. It is very unlikely that the now system will utilize the same

hardware or be required to perform the same functions. Therefore, drawing

parallels between systems is difficult. For example, cost estimators used

the software cost of the Air Force Back Up Interceptor Control (BJIC) to

estimate the software cost of the Air Force SAGE System (Jones, 1965:19).
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While somewhat similar in mission, the two systems are quite different and

significant subjective judgment was required to assess then* differences

and to assign a cost to them.

Other systems such as the Airborne Warning and Control System (AVACS)

have few similar developments upon which to draw comparisons, Advancing

technology continues to introduce n.•w hardwaro and software techniquon

which compound the problem of finding a similar program to use for an

analogy, Again, even if a similar program is identified, the problem of

obtaining accurate historical cost data remains.

Ue .Of +The SecfifcAn!Joy Technique, Despite these problems, the

specific analogy technique is still in active use, While it is subjective

in its application, it does take into account the real world problems and

* .performance which actually occurred on a similar program. For example, if

an estimator used the BUIC cost data to estimate the SAGE system, the

estimator will automatically include those costs which were associated with

funding difficultiesq changing requirements or other real world problems.

The specific analogy technique forms the primary basis of a formal

Army software cost estimating technique, An Army catalog provides detailed

cost information for 20 data systems, An estimator can broaden his know-

ledge by utilizing the recorded experiences found in the catalog, Adjust-

monto in the historical cost indications due to differences in the now

system are then identified and explained (Department of Army, 1975).

While subjective in nature, the specific analogy method tends to mini-

aims optimistic schedules and estimates since it in based on actual perform-

ance data for a similar system, Wi.th better collection and recording of

historical software cost data, this technique holds such promise, A

research effort is currently underway by the Rome Air Development Center

24



GSM/SM/76S-4

of the Air Force Systems Command to develop the historical data base which

is required for the use of this technique (Nelson and Sukert, 1974).

One frequent criticism of this technique is that it is not very objec-

tive or scientific. While an..estimator who states that the applications

scftware consists of 100,000 instructions might be thought to have a

scientific basis, an estimator who states that a system will require 50%

m•re for software is felt to be subjective and unscientific. In fact$

neither technique by itself has any inherent scientific credibility or

objectivity. Instead, it is the conscientious and documented application

of these techniques which can make either one a reasonable tool for pro-

ducing a reliable cost estimate.

Again, the lack of historical data limits the specific analogy

technique. Current and future data collection efforts may eliminate this

problem. The remaining difficulty will be in the subjective extrapolation

o.1 the cost of one program to another "similar" program.

Xxpert O21inion

A third software technique for estimating software cost is the use of

expert opinion. The title is self explanatory. To estimate software cost

e toi simply asks an expert or a group of experts to use their knowledge

and experience in predicting the cost of software. Two methods for

obtaining an expert opinion are the engineerir% cost analysis and the

Delphi method.

1 EnAineerinr Cost Analysis. Despite its somewhat authoritarian title,

an engineering cost analysis is simply an expert opinion. A software

expert or software engineer is presented with a functional description of

the weapon systeu. He then proceeds to analyze the software usually by

SY
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breaking the noftware into smaller programs and subprograms. When the

software has been divided into small and comprehensible modules, the

expert then estimates the amount of resources required for each module

using his knowledge and experience as a guide. For example, the expert

might identify a message processing module which in his opinion will

require three months of effort by a junior programmer and six hours of~

central processor time. A cost analyst then transforms the estimated

man-months and computer time into a dollar coat.

Some problems with this technique have previously been discussed,

The technique requires an "expert" which is a vague term referring to

someone who can predict software resources accurately based upon his

~ I education and experience. If experts were identified b~sed on demonstrated

estimating accuracy, the technique might be ideal, However, such identifi-

cation is not common in practice and true "experts" are difficult to find.

Also, an engineering cost analysis requires that the functional design[ of the weapon system be fairly complete. Decisions concerning which

functions are to be performed by hardware or by software have to be made

before an engineering cost analysis of the software can be made. Explicit

and detailed documentation of the user's requirements must be available.

UseOfEngneeringCost Anlysis. Despite these problems, the engineer-

ing cost analysis has some unique strengths, It requires that an engineer

IN sit down and design the software into small enough modules so that he can

understand the resources required to develop the module, If the functional

modules are fairly small (e.g. three man-months), then the program manager

can be reasonably certain that a fairly detailed design has been made and

that the %sorts requirements were known to sufficient certainty to support

the detailed design, On the other hand, if the estimate makes frequent
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r ,•• rerreaces to large modules (e.g. five man-years), then the program

manager might infer that either a detailed design ha" not been performed

or that the user's requirements were uncertain and forced the engineer to

group requirements into large modules.

Thus, the use of an engineering cost analysis can provide the program

manager with an insight into the degree with which user requirements are

known. Since uncertain user requirements are a major cause of system over-

runs, the use of an engineering cost estimate may provide the managor with

valuable information.

Another benefit from the use of an engineering cost analysis iL, that

it takes into account the unique nature of the now program, The impact

of certain interfaces or timing requirements can be individu&lly addressed

instead of basing their costs on the average historical costs of previous

systems, For this reason and for others, the use of an engineering cost

analysis is recommended by most of the researchers into the area of soft-

ware cost estimating.

The Del!xhi Method. A second method for obtaining a cost estimate from

a group of experts is the Delphi method. Developed by the RAND Corporation,

Delphi first gathers estimates from individual experts. The results of the

individual estimates are then iterativelý- fed back to the experts until a

consensus is reached. The Delphi method is not a committee. The experts

do not meet face to face. Instead, the experts are given the results of

each iteration and asked to explain or justify their opinions. Thosn

opinions and reasons are then given to the other experts until eventually

the estimates of the experts converge.

RAND performed an experiment using Delphi to estimate a particular

project's software cost. Two teams of experts were used and guided by the
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Delphi method. Their estimates were 217 man-months and 1.090 man-months

respectively. The reasons for the wide difference were not clear. Two

additional groups of experts were also asked to estimate the ea.e effort

using a simplq committee technique. Their results were 485 man-months and

656 man-months respectively. The actual coet Wan 489 man-months which

would tend to indicate that the use of thu Lomwi1.ttoo techniiquo aight be

better than the Delphi method (Farquhar, 1970).

Delphi Versus Committee. The purpose of presenting the Dilphi method

is not to approve or disapprove its use. The purpose is to examine why a

face to face committee of experts appears to perform better than a faceless

group of experts. In a study by another RAND researcher, the Delphi tech-

nique was found to be an unreliable method for estimating. He found

considerable evidence that there was no difference between the estimates

of laymen and experts and suggested that Delphi leads to a manipulated

group suggestion and not a true consensus (Sackman, 1975). Perhaps the

reason that the committee outperformed the Delphi method was that it

encouraged face to face confrontation which enabled the group to judge

whether someone was a true "expert" and to reach a real consensus.

The point is that when obtaining estimates from a group of experts, it

appears advisable to have the experts engage face to face. Iterative formal

communication between different agencies might result with estimates

"similar to the Delphi method. On the other hand, the tae of a committee

to examine and explore the differences in cost estimates might result in

improved communications and better estimates.

Cost To Cost Estimating Technigue

A fourth technique for estimating software cost uses the coct of one
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part of the weapon system to estimate the cost of another part of the

system. This technique is frequently used to estimate the cost of system

test or of initial spares. Both of these costs can be estiwated based

upon an historical percentage of the prime mission equipment. For example,

initial spares for similar ground electronic systems might be an average

20% of prime mission equipment cost. Once a dotailed outimate of the

privi mission equipment for the new system has been made, the estimator

can then simply apply the 20% factor to that cost to estimate the cost

of initial spares. This technique works quite well with a limited

number of items (Jones, 1965:26).

However, applying this techaique to software is difficult. First,

there again is the problem of insufficient historical cost information.

Second, software constitutes almost 90% of some systems such as WWMCCS

and only 2% of the B-1 (Ashe et al, 1975:2-4f6 ). Using an average cost

factor for software simply does not work as well as it does for spares or

other system components. Despite these problems there are ways in which

the cost to cost technique can be used in a limited fashion.
i~ii For example, designing, coding$ and tooting a program might be

expected to average 40%p 20% and 40% respectively of total computer program

development costs. Once the design of a particular program has been

completed, a manager can estimate the expected costs for the remaining

activities of coding and testing. As a rough rule of thumb, this tech-

nique has some merit. However, there are significant differences in the

percentages of total cost attributed to any one activity (Boehm, 1975:7).

Whether these differences occur because of the lack of distinctness in the

definition of the activities or whether these differences are attributable

to some other cause is uncertain. Again, limited cost data and poor

definition limit the accrracy and utility of this technique.
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~~ I Non-Cost To Gost Reo1ationishjg Technique

The fifth category of software cost estimating technique in the use of

a non-cost parameter to estivate cost. Frequently called parametric esti-

mating, it is by far the most sophisticated and ambitious of all the

techniques. The technique develops parametric equations where character-

iutics or parameters of a now computer program are used to eotimate itz

cost, Those characteristics include such parameters as the number of

source instructions, the type of weapon system, the age of the computer

upon which the program will run, the type of compiler, and numerous other

characteriutics. One parametric research effort by the System Development

Corporation (SDC) identified over 90 parameters which influence (oat

(Nolson) 1967)o,

Once these parameters are identified, the cost estimating researcher

attempts to collect a large sample of data so that the relationship between

these non-cost parameters and software cost can be established using

regression techniques. In order to have a otatistically valid parametric

equation, rosearchers attempt to obtain as many data points as possible.

This search for many data ie the source of one of the problems with this

technique.

For example, a researcher might have data on five JOVIAL developments*

five Fortran developments and five Cobol developments. Rather than develop

three models based on ohly five data points each, a researcher is likely

to lump all of the fifteen points together and develop a singlt model for

use on programs written in either JOVIAL, Fortran, or Cobol. While the use

of fifteen points appears to give the model a greater statistical basis,

an implicit assumption is that there is no cost difference due to the use

of different computer languages. Further lumping of data as to the type
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of computer, the particular compiler and other factors is made until the

parameters used in the equations are quite broad,

This lumping of data may be regrettable, however, it is the only

possible co;ris rfr researchers who are faced with a scarcity of data. Ta

fact, the lumping of data has been highly successful in other -reas, In

estimating the production cost of an airframe, knowledge of only three

parameters (e.g. weight, speed, and production quantity) are sufficient to

reasonably predict the production cost of an aircraft (Levenson at al, 1971).

Software cost, however, appears to be dependnnt on more variables than

other products. A technique using only two or three parameters suffers in

predictive power. However, a technique which requires the determination

of many factors is unlikely to be popular in use, especially if the

determination of a proper vAlue for the various factors is difficult.

Thus, researchers not only have a problem in finding appropriate parametric

equations, they also must attempt to minimize the number of inputs fequired

for the use of the equation.

Researchers have frequently developed relationships among parameters

which are quite different from the efforts of other researchers. This is

perhaps due to the lack of clear definitions in the area and to the small

data aamples availabli to the researchers. However, the impact is that no

single parametric technique has received a largo degree of acceptance or F

wide degree of use, To understand the problems with developing or utilizing

"A parametric techniques we can examine five of them, Three of them are well

publicized and in limited use, Theae three techniquoi are those by the

Systom Development Corporation, by J.D. Aron, and by Ray Wolverton. A

fourth technique is a recently developed technique used. by the Compnter

Systems Command of the U.S. Army while the last one is one developed by
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Tecolote Research for the Navy.

BPS TecWk ue. The SDC technique was developed under contract to ESD

froin '964 to 1968. The results of this massive roseax.vh effort are con-

tained in nine voluy~v iaanti±iod in ,he biblioyradhy T'* Handbook

written by E.A, Nelson in 1967 summarized most of the research findings,

To gather data# the SDC researchers resorted to the use of question-

naires. While this limited the accuracy of the data, they did amass 169

data points which remains the largest software cost data base currently

published by any single group of researchers (Morin, 1974). The SDC

researchers identified over 90 variables and examined their influence upon

cost during different phases of the software development process.

K' For the design, code, and test phase of software development, the

reos-archers were able to develop a parametric equation based on fourteen

different parameters. Again, while the researchers examined over 90

variables, their final equation is based only on 14. This is because the

remaining vuriables do not improvo the predictivc power of the parametric

equation, The equation is worthwhile to examine in depth. It is:

Y(l) - 33.63 + 9.15 X(3) + 10.73 X(8) + .51 X(26) + .46 X(30)

+ .40 X(41) + 7.28 X(42) - 21.45 X(48.1) + 13.53 X(48.5)

+ 12.35 X(51) + 58.82 X(53) + 30.61 X(56) + 29.55 X(72)

+ .54 X(75) - 25.2 X(76)

Where the variables have the following interpretations:

Y(l) - Total man-months required

X(3) - Lack of knowledge of operational requirements

X(8) - Stability of design

X(26) - Percent mathematical instructions

X(30) - Percent information and storage 01^,
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X(41) - Number of subprograms

X(48.1) - Business

X(48.5) - Stand alone

X(51) - First program on comp, %r

X(53) - ADP components developed concurrently

X(56) - Random access device used

X(72) - Different computers for programming and operation

X(75) - Number of man trips

X(76) - Program data point developed by military organization

The purpose of reproduciug this equation here is not to recommend its

use. Instead, one should note tbi conspicuous absence of one variable

from the parametric equation. The SDC equation for predicting man-months

does not utilize the number of computer instructions as an independent

variable. None of the other variables have a very direct relationship with

the number of instructions. The lack of this variable implies that the SDC

researchers found little improvement# if any, in their parametric equation

when adding the number of instructions to the input. This is important to

note since most other parametric estimates depend heavily (if not exclusively

on the number of instructions as an input (Morin, 1974).

Recognizing the importance of the number of instructions in other

research efforts, the SDC handbook provides tables which indicate the

number of man-months of effort required to design, code, and test 100

instructions of a particular language. If we look'at some entries in

those tables, we might better understand the conspicuous absenc6 of the

number of instructions from the SDC parametric equation. Two of the

entries are:

33
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"P ."JOVIAL (1000 object instructions)

No. of data Man-months of effort required

points* Max Min Std Dev Median Mean

15 7.6 .66 2.31 2,5 3.07

JOVIAL (1000 source instructions)

No. of data Man-months of effort required

points* Max Min Std Dev Mfdian Mean

15 46.25 2.13 l2.01 6.15 10.2?

*(Note: Each data point represented a separate software
development project),

Thus, the man-months of effort required to design, code, and test

1000 JOVIAL source instructions was only 2.13 man-months on one software

project, while it tiok 46.25 zan-months to design, code, and text 1000

JOVIAL instructiono on another program. The large standard deviation

"indicates that there was considerable variability in the data and it is

e*Ay to understand why the SDC researchers did not inculde the number of

instructions as a parameter in their equation.

Unfortunately, by publishing a mean or expected number of man-months

for 1000 JOVIAL instructions, the researchers provided information which

a novice cost estimator might take out of context. The variance in the

data indicates that the number of instructions is either a poor estimator

of man-months or that the SDC data was faultyr. Under either circumstance,

use of the mean from this table would be of questionable value. This is

pointed out because in Chapter 5 we shall see that some estimators do use

this mean.

While the SDC data may be questioned, it represents a major research

effort in an area where few true research efforts have been made. It still

represents probably the largest software cost data base ever assembled by a
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research team. The large number of variables examined as well as the

researchers' comments concerning the impact of these variables upon cost

"is interesting and valuable. Unfortunately, the SDC research was not

continued until a largo enough data base could be developed from controlled

data to produce parametric equations with reasonable confidence intervals

, (Nelson, 1967).

Aron's Technique. Published in 1970, Aron's technique is frequently

cited in the literature. His parametric methodology not only identifies

the variables, but also includes recommended values for these variables

basod on a large number of major iM system programs. While Aron does not

publish the data upon which his technique is based, his reference to a large

number and variety of IBM programs adds a certain credibility to his article.

The Aron technique begins with a system design and an estimate of the

number of deliverable, assembly level instructions. The difficulty of

these instructions are then judged to be easy, medium, or hatd primarily

based upon the number of interactions a particular program will Lave.

Next, the estimator utilizes the data reproduced in Table 1. The table

indicates, for example, that for a hard progrn.m being performed in

J, 12-24 months, one can expect a productivity of 125 assembly level instruc-

tions per man-month. After applying the appropriate productivity factors

to each program, tho result in multiplied by a factor of 2.5 to account

for management and support personnel.

1!
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Duration
6-12 12-24 More Than

Months Months 24 Months
[Dif ficulty

Row 1 asy 20 500 I00 Very FewInteractions

Raw 2 Medium 10 250 5,000 Som
Inte ractiona

Row 3 Hard 5 125 1Many1 k Interactions

Instructions Instructions Instructions
Units per per per

Man-Day Man-Month Man-Year

Table I

Productivity Table

This .s an extrem,)ly brief simplification of Aron's 12 page article.

The primary point is that Arou'0 technique is heavily dependent on the

number of instructions. Also, two things can be noted from Table 1.

First, there ia a large range of programmer productivity based on a

somewhat subjective evaluation of the degree of difficulty associated with

a program. Second, Aron states that if a project extends over two years,

then programmer productivity increases due to a learning effect. Ar'm.

offers no proof of a learning effect and no other available literature

supports this, However, taking Aron's data at face value, one can see

that programmer productivity goes from a low of 20 instructions per man-

day for an easy program on a short schedule to a high of 33 instructions

per man-day (10,000/year) for an easy program on a longer schedule (Aron,

1970).
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Wolverton Technique. A third technique was published by Ray Wolverton

in 1974 based on experience at TRW. The 21 page article describes the

technique in some detail but no specific mention is made of the data base

¶ used in developing the technique. Also, no indication is given as to how

well the eutimating technique fits the data base.

The technique begins with a design in which software modules are

identified and then categorized. The categories are old and new for the

first split and then easy, medium, and difficult for another split. This

yilds six categories of difficulty. The modules are then further separated

according to the type of function being performed. Six functions such as

control and input/output are identified. This further divides the software

into 36 different categories based on newness, difficulty and type of

program,

Wolverton then provides a table of cost per instruction factors for

each of the 36 categories. The number of object instructions i.i each of

the 36 categories is then multiplied by the appropriate cost per instruc-N
tion factor to yield a total cost including overhead. The cost per instruc-

tion factors range from $15 to $75 depending on the category.

A primary strength of the Wolverton technique is its simplicity. It

requires some fairly simple subjective judgments to place the software

into 36 categories. Similar to the Aron technique, it only uses a few

characteristics of the software which are reasonably well known with the

exception of the number of instructions. In fact, the major problems with

"the technique are that it requires an estimate of the number of object
S .4

instructions and that it assumes a linear relationship between cost and

the number of instructions within each of the 36 categories.

While the technique is attractive because of its simplicity, its use
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is questionable since no indication is provided as to the nature of the

original data. How well the technique explains the original data should

be known before one can use a technique with any confidence (Wolverton,

1974).

AUPREP Technique. A fourth technique has been developed for the U.S.

Army Computer Systems Command by the Planning Roesarch Corporation (PRO),

The technique is called Automatic Data Processing Resource Estimating

Procedures (ADPREP). The technique is based on data collected from 20 Army

data automation systems. Halt of these systems were new while the remainder

were major revisions of existing systems. The systems were business type

systems and required a level of effort averaging 105 man-months.

The technique provides a number of estimating guidelines. For example,

detailed estimating worksheets addressing each phase of deowlopment are

provided. An estimator can review the historical values of the 20 programs

and determine an appropriate worksheet value based on analogy or judgment.

Numerous heuristics for certain specific activities such as documentation

are also provided.

However, an essential part of ADPREP are the parametri-c equations

which were developed using the data from the 20 Army systems. We will

review one of those equations which addresses the same variable as the SDC

equation. The particular equation was developed based on the data from

10 new Army systems and predicts the total man-months of effort to design,

code, and test the software. The equation is:

4k4

Y(Z) - 2.57 X(W) + 5.10 X(3) + 0.12 X(5)

Where the variables have the following interpretation:

Y(2) - Personnel requirements in man-months

38
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X(2) - Total number of different output formats of ADPS products

X(3) - Total number of record types in data base

X(5) - Average number of transactions per month of input in
thousands

Note that in contrast to the 14 variables used by the SDC equation,

the ADPREP requires only three variables to predict man-months. Also, likc

the SDC equation, the ADPREP equation doea not rely on the number of

instructions in developing its estimate. Again, while some techniques are

strongly based on the number of computer instructions, other parametric

techniques do not utilize it at all.

The degree to which the estimating equation explains the sample data

in also provided in the ADPREP documentation. The ADPREP manual claims

that the above estimating equation has a squared multiple correlation

coefficient (R ) of 1#.0 Such a high correlation coefficient makes the

ADPREP technique very suspect. In essence, the ADPREP claim is that the

estimating equation explains all of the variance found in the sample data

and that all ten random data points were exactly on the line defined by the

estimating equation. An exact fit is quite questionable considering the

random nature of the variables concerned,

Nevertheless, the ADPREP technique is quite well presented and is

simple to use for an estimator, The ADPREP manual warns the estimator

against using the estimating equations outside of the range of the sample

data, The worksheets insure that a detailed look in made at every aspect

of the software dovelopment. However) the ADPREP technique also assume*

quite a lot of detailed knowledge is available to the estimator. For

example, the estimator must know the number of record types in the data

k ibase. This is reasonable for the business type of Army systems for which3
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the technique was developed. However, for a real time weapon system, such

variables are normally unknown for a long time (Dept of Army, 1975).

Tecolote Tschxique. A fifth parametric technique was developed by

Tecolote Research for the Office of Naval Research. At first, the

researchers gathered a data base of 387 data points. The data included the

169 data points from the SDC study a, well as data from TRU, MAA Autonotics

and 12 other sources. After gathering this masu of data, the researchers

found that it was impossible to interpret the data because much of it was

from older sources with no available spokesmen to interpret the meaning of

tko various data elements. This problem is common in an area where lack

of definition of terms such as cost and instruction make most of the

Lj available data essentially useless for research,

The Tecolote researchers then abandoned the massive dAta base and

selected only five point a'bout which they had reasonable information.

They then proceeded to regress the number of man-monthe of effort against

a number of different variables. They proposed their provisional technique

as an engineering scaling law rather than strictly derived statistical

equations.

The Tecolote effort produced a number of estimating equations. One

set of the equations predicted the numbor of direct labor man-months

necessary to totally develop a software package - from defining usors

requiremento to validating the software. The set of equations utilizes

different input variables to output man-months. For example, if one knows

the number of air threats a weapon system will be required to track, the

following formula is provided:

Total man-months labor = 69 (No. of targets)14 8

In thie case, the estimating parameter is a functional characteristic of

4O
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the weapon system and not of the software.

On the other hand, if one knows (or can estimate) the number of

operating instructions, the following equation is provided:

Total man-months labor = 2.52 (Thousands of instructions) 1 ' 2 4

This equation relates a software parameter to software cost.

The notable thing about the Tecolote effort wau their effort to

relate both weapon system parameters and software parameters to coat.

While the reliability of the data is admittedly questionable, the resulting

equations provide a manager with an indication of how cost might vary with

operational weapon system parameters. With this type of information, a

manager might seek to lower software cost by trading off the operational

requirements of the system (Frederic, 1974).

Use Of Non-Cost To Cost Techlnque. Non-cost to cost techniques are

admirable in their attempt to consider the many variables which can influ-

ence software cost, However, as can be seen from the five parametric

techniques that have been described, research into the various coat

estimating relationships is far from conclusive. While none techniques

rely almost totally upon the number of instructions, some researchers have

found little use of the number of instructions in predicting cost. While

some researchers have postulated linear relastonshipm&betwneu saot'vati-

ables, others have postulated different exponential relationships. Until

more research has been made with controlled data, the current parametric

techniques provide their user with little confidence.

Perhaps the problem with the various techniques can be better under-

stood by examining the various programmer productivity rates which different

researchers have found. Aron, for example, indicated that a programmer can
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produce from 125 to 500 object instructions per month based on numerous

IBM projects. Wolverton's price per instruction matrix indicates a produc-

tivity range of 62 instructions to 312 instructions with a center value of

156 instructions per month. The SDC researchers found that the productivity

for object instructions ranged from 10 instructions per man-month to a high

of 7142 instructions per man-month on different projects. With data which

indicates such wide differences in productivity rates, it is easy to see

why researchers have had problems in reaching similar conclusions,

Again, whether the differences are due to the lack of controlled and

comparable data or whether the differences can be attributed to numerousI other causes is sti.ll uncertain, Until a major data collection effort is

made of well defined data, the wide spectrum in the findingS of parametric

researchers leaves many questions unanswered.

A State Of The Art Assessment

We have examined five different categories of software cost estimating

techniques. Each of these techniques has certain problems in its use and

its accuracy, These problems are reflected in the software developments

of both industry and government. Underestimations are oxti'smely common in

most developments while overestimations are unheard of, While a number of

efforts have been made to develop improved cost estimation techniques, no

4 generally reliable software cost estimating technique exists,

This chapter has reviewed only a few of the major software cost

estimating efforts, For a more detailed Wrplanation of many research

efforts and techniques, the reader is referred to a mastertc thesis written

by Lois Morin under the advisorship of Fredvric Brooks at the University of

North Carolina. The thesis is well written and quite comprehensive it its
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assessment of various published software cost estimating techniques.

Decisions And The State Of The Art

The problems with managing software are quite well appreciated. Soft-

ware development has been a critical problem in most weapon system develop-

ments and is currently a major topic of interest in the systems acquisition

busines,. Having seen the types of decisions whic' roly heavily upon a

softwexe cost estim.ate and having soon the state of the art of software

cost estimating, perhaps one of the causes of the software management prob-

lem can be better understood and appreciated. Why wo select the wrong

system, the wrong computer, or the wrong contractor can ofter be traced

back to a decision maker t s inabililty to reliably estimate software cost.

Why we fail in the development of major syutoms such as the Advanced

Log:istLics System or whV we are surprised by huge software overruns is also

perhaps partially explained by the inability to predict moftware cost.

Again, if we seek to improve the quality of our decisions concerning weapon

system software, then we muut be able to predict softwaro cost.

Before a manager can hope to control the cost of software, he first

must understand how uoftviarv costa are generated. He must understand the

relationship between weapon system paramotors and software cost, He must

be aware of how and whethe•r thn number of instructions in related to cost.

Until he understands these relationships, his control of software cost will

be haphazard and unguided.
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IV. Metodol 2 &

The purpose of this research is to provide managers, researchers, and

cost estimators with insight into the software cost estimating process.

To accomplish this, the software cost estimating environment at the Elec-

tronic Systems Diviaion (ESD) was examined to deturmino what tochniques

were being used, how they were being applied, and what probleas were being

encountered. This chapter discusses the methods used to gather and analyze

information concerning the environment at ESD.

WrjIn essence, this research in descriptive in nature. We need to know

what the current environment is in order to live in it, to understand it,

and to improve it. To describe every feature of the software cost esti-

mating environment at ESD was beyond the scope of this ton week effort.

Therefore, worki ng hypothoses wore formed to focus on the more interesting

and important facets of that environment. These working hypotheses served

to guide the research and limit the area of investigation.

Again, the hypothenes were only used to guide and limit the research.

They are not hypotheses in the formal, statistical sense. No attempt was

made to statistically accept or reject an hypotheses. Instead, a guess was

made concerninsg the environment and evidence was gathered concerning that

The hypotheses aro stated here in "null" form. That is, the writer

expected to collect data which would tend to refute each of the hypotheses.

The hypotheses are:

Sa. There is a common method used in estimating the cost of software.

A.,
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b, TVe persons responsible for making software cost estimates hAvesimilar backgrounds.

c. The software cost estimate is made when most. of the software cost
drivers are known,

0, d. A management reserve for :ioftware is maintaiutqi,

e. The independent cost estimate provided by an outside agency Is
truly independent.

f. Software estimates are challenged.

g. The confidence intervals which software cost estimators place on
their estimates are narrow and uniform,

h, There is uniformity in the elements of software cost addressed by
a software cost estimate. '

V i. The contractor's cost proposal indicates the method used to
predict the cost of software,

J. Contractors' estimates in reeponse to a software Request For
Proposal (10T) do not vary widely.

k, The type of software cost data currently being collected on
software contracts will support the types of cost estimating

methods currently being used.

1. A primary management indicator of software status is the comparison
of budgeted cost and actual cost, The percent complete of the
software task is equal to the ratio of actual cost to budgeted
cost,

m. The software estimate does not change,

A limited pretest of the interview was made at Wright-Patterson AFE.

The pr',test identified some questions that were vague and required refine-

ment. A revised set of questious was prepared C>r use in the ESD interviews.

The actual interview instrument is contained in Appendix B.

The interview contains a large number of questions. The reason for

this was twofold. First, the research effort was attempting to describe an

environment. To adequately do that, as many facets of that environment

which could reasonably be described had to be explored. Second, the soft-

ware acquisitions at ESD are at different stages. Some programs are not
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yet under contract and would not be able to answer questions concerning

contractor performance. It was expected that few of the interviews would

bo able to address every area. In order to insure that an adequate amount

of information was obtained, a large number of questions were developed,

The Interview Subjects

With the interview instrument complete, :Lt was then necessary to

idontify the interview subjects. There are 21 programs at LSD which involve

the acquisition of a major software package. With the assistance of

Major Richard Grimm and Captain Gerald Bourdon of the Cost Analysis

Division, a letter (Appendix A) was sent to each program office asking

L them to establish a point of contact for the interview. The letter

requested that the point of contact be the person most knowledgeable of

the software cost eatimate made for each program.

Ad. nisterIng The Interview

The interviews were personally adm±aistered by the writer during theK1• pcriod 12-23 April 1976. An attempt was made to interview each of the 21

points oZ contact during that period. However, the limited time available,

coupled with the non-availability of some personnel, resulted in only

14 12 interviews,

In some cases it was posrible to gain some limited information concern-

ing a program without conducting an interview. This was done primarily by

reo;iewing contractor cost performance reports (CPR) for those programs on

contract. Therefore, with the interviews and the cost performance reports,

soae data wau gathered on 16 of the 21 programs.

Table 2 indicates the programs at ESD which involve a major software

acquisition, The nature of the data collected is also indicated. Note
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that t!he interviews were conducted in almost all of the ESD deputates and

were not. limited to any one mission area.

Administering each interview took from 30 minutes to three houreo The

wd*e opan of time resulted from the different nature of the programs. In

every case, the interview subject was totally cooperative.

Notes were taken at the time of the intorviow on the roeponsoD to the

four open ended questions. These notes were expanded at the end of each

day.

Interview R9 s

An expected, few of the interview subjects were able to address each

of the questic¾ sets. In most cases, this was due to the nature of the

program, Again, subjects whose program was not yet on contract could not

respond to the questions addressing contractor performance. In other cases,

the interview subject was unfamiliar with certain aspects of the program

and unable to readily obtain the necessary information. The not result in

that while some of the question sets were answered by as many as 13 sub-

jects, some of the question sets were answered by only three,

In the chapter on research findings, some reasons are offered to

explain the limited response for a particular question sot. It is hoped

"that these reasons will indicate areas in which information is sparse and

serve to guide future researchers.

4447
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C25T PBRYO1R1ANCE
P~)RO ) QFFICI M~D O9flE SMBL ______WRWR

1. Airborne Warning and Control System
(AWACS) -YW YES YES

2.Advanced Airborne Command Post
(AABNCP) - YS YES N/A*

3. World Wide Military Command and Control
System (W'*MCCS) - WW NO NO

4, SAC Automated Total Infor~nation.
Network (SATIN IV) - MCV NO N/A*

5. NORAD Cheyenne Mountain IThpro'remonts

6, Air Force Enlistment and EntranceYEYS

system -AES MCN C YES YES

10. Over The Horizon Radar (4141,j) -OCS NO YES

11, Joint Surveillance System (JSS) - OCU PARTIAL N/A*

12, Pave Paws -~ OCL YES N/A*

13. Tactical LORAN - DCL YES YES

14. Satellite Communications (AFSATCOM)-
DCK YES N/A*

15, TACS Improvement (1+85L) - DOY YES YES

16. TIPI Image Interpretation (TIPI II)-

an vlain(TIPI TERPE) - DCM YES NA

(TIPI DC/SR) -DCM NO YES

19. Jon Tatclrnomt oceDsseinatYEiYE
System (JTIDS) - DCD NO NO

20. Combat Theater Communications - DCJ NO NO

21. Office for the Application of Special
Intelligence Syvtem~s (OASIS) - XRI YES N/A*

*Indicates that the Cost Performance Report was not available
eiter ecase he ffot i no ye oncontract or that cost

reporting on softwar'e was not a contract requirement,

Table 2

* Sources of Data
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Analysis

With the data collection complete, the next ta." was to examine or

analyze the data to determine if it tended to support or refute the initial

hypotheuses. Again, the nature of this research effort is descriptive, No

causal relationships were hypothesized or explored,

The technique used to examine the data and the hypotheses is quite

simple. In the following chapter on findings each hypothesis and its

related question set are examined individually, The hypothesis is stated

',, and then discussed to insure a clear understanding of the hypothesis and

* I its impact.

After the hypothesis is understood, the question set used to collect

Sdata ir examined, and the data sought by each of the questions is explained.

Since the sources of data varied for each question set, the programs for

which data was available are identified. questions for which limited or

no response was obtained are re-examined to explain why the response was

limited. This may aid future researchers and also serves to indicate

areas in which information is sparse.

With the hypothesis and the question set understood, the responses are

then examined. In some cases it is only necessary to look at some aggregate

characteristics of the daba such as the range and the median. In other

cases, it is desirable to examine each of the individual responses. The

technique used for examining each set of responses is adapted to the

peculiar nature of the questions and the types of responses.

Finally, with both the hypothesis and the data understood, a determina-

tion is made whether the data tends to support or refute the hypothesis.

Admittedly this determination is somewhat subjective. However, the reader

is provided with sufficient information concerning the hypothesis and the

419
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data so that he can reach his own conclusions concerning the validity of

the hypothesis,

Again, each hypothesis and question net are examined individually,

Both failures and successes in collecting data are explained to assist

future researchers.

No attempt was made to correlate the data from one question set with

the responses from another question set. Since most question sets were

answered fur different subsets of programs, any such correlation would have

been misleading.

4AI
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V, Rese•_rcn t•innd±g!

This chapter presents the results of the interviews conducted at 3D."

I The data collected against each of the thirteen hypotheses is emam,aed and

analyzed, Each of the hypotheses forms the basis of a research finding.

Each finding is addressed individually, using the following format.

r H.ypothpese

For each of the research findings, the initial working hypothesis in

reviewed and discussed. The impact of accepting or rejecting the hypothesis

is examined in broad detail. Again, each hypothesis is stated in null form.

That is, the writer expected the data to refute the hypothesia,

1fStouaoh c•fi Daof

Since not all of the subjects interviewed were able to address each

• 'I hypothesis, the sources of data for each of the findingn is specified,

This should give the reader a better feeling for the validity or relevance

* of a particular research finoing. I
Jiledtions _ s.ouoes

"For each of the findings, the interview questions which were initially

prepared are examined. Problems which were encountered with certain quo&-

tions are discussed, lHcpefully, this discussion may aid future researchers

into the area.

The responses for each of the questions are then presented. The

range of responses, the mean response, and other appropriate characteristics

of the data are also presented.

==M51
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Discusuieu

After the data for each finding is presented, a discussion examines

the impact the data has upon the initial h~ypothesis, Again, no formal or

statistical test of the hy'pothesis in performed. Instead, the data is

again examined to see if it tends to support or refute the h~ypothesis,

IK
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PFIndin•/1 - Software Cost Estimating Methods

Hy~po thesis

Chapter III examined a wide variety of techniques which can be used

to estimate the cost of software development. A research hypothesis was

formed to examine what techniques were being used and how thoy were being

applied at ESD. The hypothesis was, "There is a common method used in

V estimating the cost of software."

Sources Of Data

Data were gathered from thirteen programs representing a wide cross

LI section of ESD programs. Due to the sensitive nature of some of the

responses, the individual programs are not identified.
LJ

Questions

Two open-,ended questions were used.

•' I Question #1. "Briefly describe the software acquisition associated

with your program. What is being acquired? When? 1ow?" Many of the

} !' programs at ESD have more than one software acquisition underway. The

intent of this question was only to identify a single software acquisition

to serve as the object of the following questions. In cases where a pro-

gram had more than one software acquisition, the one selected for discussion

was the one with which the respondent was most familiar.

Question #2. "Describe how the program office estimate of software

cost was obtained." The thirteen responses to this question varied

greatly in both the amount of information available anud the nature of the

available data. Personnel transfers frequently made contact with the

original estimator impossible.
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Rather then .imply classifying the responses, the wide variety of infor-

mation collected merits examining each of the thirteen responses. Again,

due to the sensitive nature of some of the responses, the programs are not

referred to by name.

S- The person interviewed had considerable previous work experience

as a programmer and as a supervisor of programmers for a major software

contractor. Using this exporieuce, he was able to analyze the total soft-

w•re package and divide the software into modules. These modules ranged

in estimated size from 600 instructions to 35,000 instructions. The

average module, however, was about 3,000 instructions in size.

Having developed an estimate of the number of instructions, the esti-

mator then referred to the SDC study which has previously been discussed

(Nelson, 1967). lie did not use the parametric equations recommended by the

SDC researchers. Instead, he selected a single figure from one of the SDC

tables which indicated the mean productivity of programmers in terms of

JOVIAL instructions per month. This particular table, and the associated

problems with the use of its mean value, were previously discussed in

Chapter III. Again, the SDC data was based on only 15 projects and indicated

a very wide variance in productivity experienced by different programs.

Nevertheless, the estimator welected a value which indicated an avurage

productivity of 325 JOVIAL instructions per month. This value appeared

reasonable to him based on his personal experience and based on kis knowl-

edge of the particular software package. Using this figure and the

estimated number of instructions, an estimated cost of software was produced,

Since thls program is nearing completion, the estimator was able to

comment on the accuracy of his prediction. For example, his initial estimate
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of the number of instructions izi the applications software warn 160,000.

Three years after the estimate waA made, the current instruction count is

156,000. The accuracy is impressive,

Not onlJ was the estimator accurate in his estimate of size, but also

in his estimate of cost. The current cost to complete is only 20% higher

than the original three year old estimate, In light of inflation, this

cost estimate is again impressive#

"Thus, despite the questionable source of an average productivity

, "figure, the estimator produced an accurate estimate, It should be noted,

however, that the respondent had nearly 20 years of work experience in

programming, This work experience might account for his accurate estimate

of a multi-million dollar software effort.

Program B - This program called for the development of a new system to

1K.replace an existing older system. A special team was formed for the express

purpose of sizing the computer hardware necessary for the new system. To

size the hardware, the team first reviewed the software of the existing

system and the improvements expected of the new system. By analogy, an

estimate was made of the size of the software. This estimate was made only

for the purpose of sizing the computer hardware. The team chief did not

believe that the estimated number of instructions was a valid parameter for

estimating the cost of the software. Nevertheless, the estimated number

of instructions was later provided as the primary input to another cost

analyst to determine the cost of software. Using parametric techniques

such as the Tecolote model, the estimator predicted software cost almost

solely based on the number of instructions.

Again, the team that developed the estimate of the number of instruc-.

tions did so by analogy and not by an engineering analysis# Their intent
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was only to size the hardware Regardless of this, once an estimate was

available concerning the number of instructions, translating the number

of instructions to a cost was almost inevitable.

One possible reasoa why the program jumped at the chance to estimate

cost based on the number of inutructions might be found by looking at the

previous software cost estimates for this program. Prior to the eatimate

of the number of instructions, an estimate of software cost had somehow

been derived. How the number wan obtained could not be determined. However,

during a nine month period of management review prior to contract award,

the initial estimate increased ia large stops until the estimate was three

times the original estimate. Thus, when faced with the opportunity to

ootain an estimate which would appear bona fide, the program office jumped

at the chance. Again, estimating software cost solely on the number uf

instructions offers quentionable accuracy. However, it does give the

estimate a seemingly scientific basis and makes the estimate more readily

acceptable. To challenge the new estimate, one would havo to challenge

the estimated size of the software - a major taok. Faced with continuing

challenges and changes in the software cost estimate, it was to be

expected that the program office would Jump at the chance to develop an

estimate which, while possibly not accurate, would be difficult to

challenge.

Program C - The software estimate for this program was prepared by a program

office engineer who was well supported with engineering and design services

from a support contractor. A complete design of the new system had beer

contracted for which identified seventeen software modules asnd their

function. By discussing each of these modules with engineers frou similar
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systems, the estimator gained an appreciation of the effort involved in

reach module.

An estimate was then prepared for each module in terms of man-months.

The estimate for each module was given as a range. For erample, the

expected or most likely effort required for a module might be tour man-

months. The least likely or worst case estimate for the swme module

might be six man-months. The estimate for the module was then given as

I to 6 man-xmonthB. The modules ranged in average size from 3 to 12 man-

months. The total expected value was 138 man-months with a worst case

estimate of 205 man-months. An additional 25% was added to the estimate

to account for undefined modules resulting in a total estimate of 173 to

"256 man-months. T'is was then converted into a cost range of $830,000 to

$1,270,000 by multiplying by a "loaded" man-month. A loaded man-month

includes not only the direct labor cost of programmers, but also the over-

head costs associated with support personnel and facilities.

When this estimate was pretented to the independent estimator, there

was total agreement with the method used to estimate the software cost.

The Cost Analysis Division approved the software cost estimate. However,

the same approval wao not forthcoming from higher management levels,

Within the program office, it was felt that the estimate did not adequately

take into account the effort required to document and test the software.

Therefore, the program office increased the original estimate to $S.4M,

effectively doubling the worst case engineering estimate. Again, this

doubling was due to the general uncertainties surrounding software cost

and to an uncertainty concerning what cost elements were addressed by the

original estimate.

When the program office briefed their estimate at a higher level, a

57

7i



GMZ/S14/768-4

recommendation was made and accepted to even further increase the software

estimate to take into account program uncertainties. In effect, the most

likely estimate of $830,000 was raised to $3,800,000 by two management

luvels who were anxious to insure that sufficient funds were budgeted for

the effort.

Again, th.e intent here is not to critique the method used to arrive

at the estimate. In actuality, any of the estimates may eventually prove

to be correct. The point here is that a well thought out and prepared

I engineering estimate was increased by the heuristic of doubling it not

once, but twice. While this may insure that sufficient funds are budgeted

for this program, the high estimate may cause other decision makers to

reach incorrect conclusions. For example, the $3.8 estimate may indicate

(j to some planners that the proposed system is not cost effective. The

large estimate may cause the program office to develop a large software

staff from limited resourcen when in fact the effort may turn out to be

only 25% of the estimated size. Thus, while the program's budget may be

sufficient, other software management decisions may suffer from the inflated

estimate.

Proram D - There was no data available concerning the original cost

estimate for this system. Flowever, in the original contractor proposal,

the software was estimated to be 20,000 instructions in size. Despite

this small size, the computer bid by the contractor had a core capable of

hmadling 132,000 instructions, far in excess of requirements indicated by

the estimated 20,000 instrtctions. However, two years after contract

award, the 20,000 instructions had grown to 174,000 instructions. This

41 increase in instructions by almost 900% was now overloadtng the core of

the computer requiring the contractor to overlay the software. *,2.
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AL Program E -:Chapter III discussed some of the problems that can arise when

using the cost per instruction technique. Essentially, the use of this

technique is subject -o large errors due to the poor definition of the

berms "cost" and "instruction" as well as to tAe questionable relAtionship

between cost and the numbbr of instructions. Program E offered some clear

K insight into this problem area.

To estimate the software cost of t•.s major acquisitton, the program

office first obtained an estimate of the aize of the software from MITRE.

This estimate broke the software down into functional modules ranging in

size from Z00 inotructions to 50,000 instructfons. The large sizo of some

"•, of the modules reflected the limited time available for developing tho

estimate an well as the uncertainties associated with certain functions.

To insure that the instruction count was not overly optimistic the program

office multiplied the MITRE estimate by a factor of 1,5.

With an instruction count in hand, the program office then sought to

identify an appropriate cost per instruction factor to use in estimating

coat. With the help of a cost analyst, they decided to use the cost per

i•atruction factor exhibited by the AWACS program.

In computing the AWACS cost per instruction factor, the lack of clear

and well understood terms was evident. The AWACS operational flight pro-

gram had originally been estimated to be 158,000 instructions, but had

eventually grown to 311,000 instru~ctions in size, While the operational

flight program was an important component of AWACS software, it was only

a small percentage of the total AWACS software acquisition. Diagnostics,

test routines, compilers, and other software programs were also procured.

However, when developing a cost per instrucbion factor, the cost analyst

.only considered th number of instructions in the operational flight program.
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Looking at the total software cost divided by only the number of instruc-

tions in the operational flight program yielded the analyst two figures.

If one looked at the originally estimated 158,000 instructions, the esti-

mated cost per instruction was $139. On the other hand, if one considered

the 311,000 instructions which were finally delivered in the operational

flight program, then the cost per instruction was only $79. The analyst

provided both of these figures to the program office.

The program office was unaware that the cost per instruction fi.gures

were based on only the instructions in the operational flight program.

They decided to be conservative and use a figure of $150 per instruction.

They then applied this factor to all of their instructions including

diagnostics, executive, communications processing, and operational soft-

ware. The resulting estimate was $33M, a major software effort.

In a recent MITRE report (Ashe et al, 1975), the cost per AWACS instruc-

tion is given as a range of $6 to $13.50 per instruction. However, by

counting only the instructions in the operational flight program, the AWACS

cost per instruction factor rose to a high of $139. This 1000% to 2000%

increase is rep' 'sentative of what can happen because of inconsistent

"definition of terms. If the program office had used the published $6

figure in the MITRE report, the 333M estimate would have been reduced to

$1.32M.

Again, the intent is not to criticize the estimators. The lack of

common definitions in this case led to a breakdown in communications

between the cost analyst and the program office. Once this problem was

identified, rapid action was taken to correct the error. The problem

here is that these errors may not always be discovered.
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Program F - hi* program is currently concerned with engineering changes

to a major software system. The software managers do not estimate soft-

ware cost internally. Instead, they first allow the contractor to prepare

a technical and cost proposal. for each engineering change. They then

concentrate their effort on analyzing the contractor's software estimate,

instead of trying to compare it to an internally generated estimate.

Program G-In this case, the program office cost estimate was prepared

jointly by the program office and the ESD Cost Analysis Division, The

software was divided into modules and an estimate of the number of instruc-

tions was made. Based on a phone call to a former software izistructo:-, the

) estimators selected a productivity factor of ton instructions per day per

programmer. A software cost was then computed.

Whi~le the source of the productivity factor might seem strange, the

A. factor was obtained from someone experienced in the software area, Few

published reports of programmer productivity for different software

developments are available, Therefore, estimators frequently have to rely

on their experience or the experience of others to determine a value for

certain faictors. The resulting estimate was reasonably accurate. The

total cost of software at completion was only 30% higher th~an the initial

estimate.

modules. He then estimated the resources necessary for each module. The

~jj~ modules wore quite large in size. For example, the smallest module

required five man-years, If we assumed that a programmer could produce

ten instructions per day, the smallest module was 12,000 instructions in

size. The large modules may indicate a lack of detailed knowledge of the
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software requirements.

Program I- The estimate for this progrram was prepared by the Rome Air

Development Center. No details on how the estimate was derived were avail-

able to the program office.

Program J - When initially planned, the program office did not anticipate

the use of software in the design of the system. However, after contract

award, the contractor made a design decision which required the use of

software. No software estimate was prepared by the program office and no

software cost data was obtained by the program office.

Program K - The estimator for this program used three different techniques

to estimate software cost. F,.rst, an estimate was made of the number of

instructions by MITRE and program office engineers. Then an engineering

estimate of resources was made for each of the software modules. This

yielded the first cost estimate.

A second cost estimate was made by simply multiplying the estimated

number of instructions by a cost per instruction factor. The factor was

$44 and represented the previous experience of the program office.

A third estimate was made by analogy with a similar project., In all

, three cases the resulting estimates were similar. The use of three

Sdifferent approaches provided the program office with a higher level of

confidence in their estimate,

Project L - This program used two techniques to estimate cost. First, the

number of instructions was estimated by the sole source contractor. The

estimator then utilized the table provided by the SDC study concerning

programmer productivity. Using these two factors, an estimate of the soft-

ware cost was made.
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A second estimate was made by analogy with a similar pilot effort.

Engineers felt that the software for the current effort was 4 to 8 times

larger than the pilot effort. Based on this analogy, a second estimate

was prepared. Both estimates were similar.

Program M - No detail was available concerning the program office's original

estimate. However, the contractorls cost proposal did provide some inter-

eating information. The contractor divided the software into modules and

into types of effort pgr module (e.g, design, code, document). He also

estimated the number of instructions required for each module. He then

applied a productivity factor of three man-hours per instruction for design,

code, and debug of an instruction. An additional $15 per instruction was

added to cover the cost of software documentation.

This method is interesting because the contractor's productivity

factor was supported by data from a previous ESD contract. While the

productivity is much lower than other published factors, it represents

measured experience on a similar program.

Discussion

It was quite obvious that no two of the thirteen programs used the

same approach to estimate software cost. The estimated cost per instruc-

tion for a JOVIAL source instruction ranged from a low of $6 to a high of

$150. The detail in the estimated number of instructions varied from

modules 200 instructions in size to 50,000 instructions in size. Pro-

ductivity figurep ranged from three source instructions per day to fifteen

source instructions per day. Not only were different methods used, but

even those programs which used similar methods used quite different values

for the various factors.

~6 ,3
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~ The lack of a common technique may cause a problem for a decision

makser. Using two different techniques, similar software efforts can be

I coated quite differently. The range in cost for an estimate, depending

on the method selected, can be as great as 10 to 1. Therefore, unless

two software efforts are estimated by the smaie method, the decision maker

I ~will be uncertain as to the comparability of the two estimatesc.

The lack of a common technique may be due to a number of reasons,

K First, no single technique has yet been proven to be better than any other

I technique. Second, there is limited visibility into the area of software

cost estimating. No common data base exists where an estimator can compare

his technique with those used by other programs. Some techniques are not

/1 well publicized and may be unknown to some of the estimators.
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Finding #2- Software Estimators

Hpothesis

The educational and work background of an individual determines to

some extent the types of software cost estimating techniques he can readily

utilize. For example, someone who has .iever worked ao a programmer would

find it difficult to judge whether programming a particular software module

would be easy or hard. Also, someone with only a basic course in Fortran

would find it difficult to architect or design a major software system of

100,000 instructions.

"f An hypothesis was formed to examine the backgrounds of software cost

estimators at ESD. The hypothesis was, "The persons responsible for soft-

ware cost estimates have similar backgrounds." The hypothesis was formulated

to determine whether a common level of educational and work experience

existed among ESD software cost estimators. If researchers were aware of

the knowledge and experience limitations of the ESD software cost estimators,

they might better be able to develop a technique which could more readily

be used.

Sources Of Data

Data was collected from eleven individuals representing the following

program offices: 485L, TERPE, 1+27M, TIPI II, LORAN, AWACS, AFEW , OASIS,

AABNCP, Pave Paws, and Cobra Dane. It should be remembered that the data

was collected from the person most knowledgeable of the software estimate

prepared for his program. Due to personnel transfers, this person may not

have prepared the actual cost estimate for his program.

Ai
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&uestions And Responses

Eight questions were asked kn this area. Eleven persons were able

"to respond to all of the questions.

~uestion.. "Briefly describe your educational and work back-

ground." The question revealed that all eleven individuals had college

degreoe in the scientific or engineering disciplines. Eight of the eleven

had mastere degrees, There were eight military personnel ranging in rank

from first lieutenant to major. The three civilians were W-32/13 level.

Question #4. "How many years have you been involved in systems

* acquisition?" Figure 1 displays the responses to this question.

Number of 6

Individuals

.7El

0 4 8 of12 16 20

Years of Systems
Acquisition Expe rienco.

Systems Acquisition Experience

rigu!e 1
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It can be seen that more than half of the individuals had lsee than four

1  .years of systems acqui.sition experience, while nine of the eleven had less

than eight years,

"Question #5. "How many years have you been involved in the acquisi-

tion of computer software?" The responses to this question were essentially

identical to those of the previous question. Apparently the individuals

systems acquisition experience is identical to their software acquisition

-oation,#6. "How many college credit hours of software related

j courses have you attended?" Figure 2 displays the responses.

umber of
Individuals

3

5 10 15 20 275 30 35 40

Number of College Credit Hours Io

Q--,Sottware Related Coursea

dormal Software Education

Figure 2
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The range was quite large. Two individuals had no software courses while

three had more than thirty credit hours.

iueltion #7. "Have you ever worked as a programmer? How long?"

Note that this question sought to identify the individuals whose full time

job was programming. While many of the respondents could write a computer

program, only four had ever worked full time as a programmer. The range in

their programing experience was from one to five years.

Question #8. "Have you ever directly supervised a group of program-

meor? How long?" The same four individuals who had been programmers had

also worked as supervisors of programers. Their experience as supervisors

ranged from one to eight years.

,nti2nL9. "Have you ever had any formal trvining in cost estima-

tion?" None of the eleven individuals indicated they had any such training.

R ton f1. "Have you ever estimated the software cost of other

projects?" Six had estimated software cost on other projects. Five had

never estimated software cost on another project.

21mcussion

The data indicates that there is a wide spectrum of experience among

the respondents. There were some who had supervised programmers, had

* considerable software education, and had estimated software costs on other

i projects. On the other hand there were some* inividuals who had no pro-

gramming experience, no software education, and no previous experience in

estimating software cost.

Only fovr individuals had the type of work experience one might expect

is necessary to determine the difficulty of a software module or to esti-

mate the number of instructions in a module. Only three individuals had
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the level of software education one might expect is necessary to design a

major new software system. Only one individual had both the work expert-

once and education which might enable him to analyze a major software

package in sufficient depth and to reasonabty determine the resources

N required for software development.

In summary, it appears reasonable to reject the initial hypothesis.

It appears that there is a wide variance in backgrounds with no common

Ilevel of work or educational experience among software cost estimators

at ESD.

•'I f
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-. n.jFng #3 -Software Cost Drivers

H.-thesis

There are a large number of factors which influence or drive the cost

of software. Due to the nature of weapon system procurement, many of

these factors may be unknown prior to contract award. For example, prior

to contract award the type of computer may be an unknown factor.

I Despite these unknown factors, a software cost estimator in still

required to estimate software cost. To do this he must make a number of

assumptions concerning the unknown factors. An hypothesis was formed to

examine what factors are commonly unknown. The hypothesis was, "The soft-

ware cost estimate is made when most of the software cost drivors are

known." The ten factors or cost drivers examined were selected from the

SDC study which indicated that these ten factors had a major influence

upon cost (Nelson, 1967).
Ito.rqes0•_•~

Sources Of Data
S~Two questions were formulated, The first addressed the level of

I! knowledge of the ten factors prior to contract award. Data for this

, .question came from the following ten program offices: 485L, 427M, TERPE,

TIPI II, LORAN, AFEES, OASIS, AABNCP, Pave Paws, and Cobra Dane.

4 A second question examined how well known these same ten factors were

known after contract award. Data for this question was limited to the

following six programs: 485L, TIPI II, LORAN, AFEES, Pave Paws, and Cobra

Dane.

Questions And Res5onses

Two questions were formulated to examine the level of knowledge of
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ten factors prior to and after contract award.

Quston 11. "At the time the j'ogram office made its first formal

(esg. Program Management Plan) estimate of software development costs,

how well known were the following factors?"

a. Type of computer (e.g. UYK-7, UNIVAC 1108, etc.)

-Definitely known _Generally known __Slightly known __Unknown

b. Configuration and types of poriphorals

-Definitely known _Generally known -.,Slightly known -- Unknown

c. Memory and storage size

Definitely known _Generally known __Slightly known _Unknown

d. Operating system

Definitely known Generally known Slightly known __Unknown

i e. Compiler and/or assembler

Definitely known _Generally known _Slightly known Unknown

f. Number and type of interfaces

Definitely known _Generally known Slightly known __Unknown

g. Number of input message types

Definitely known _Generally known _Slightly known -_Unknown

ho Number of output message types

Definitely known _Generally known _Slightly known Unknown

i. Response time requirements

-Definitely known _Generally known _Slightly known __Unknown

4 J. Number of Computer Program Configuration Items (CPCIs)
-Definitely known _Generally known _Slightly known _Unknown

To analyze the responses, different weights were assigned to indicate

the extent to which a factor was known. The following weights were

assigned:
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Definitely known - 10

Generally known - 7

Slightly known - 3

Unknown - 0

With these weights assigned, it was easy to judge how well the various

factors were known for each program. Aggan, each of the ten factors was

assigned a weight between 0 and 10. Therefore, a maximum score of 2.00

"would indicate that all ten factors were definitely known.

The responses indicated quite a range between programs. Some programs

were follow-on developments with most of the factors well known. Other

programs were at the other end of the spectrum. One program had a total

score of 97 while another achieved a score of only 10. The mean score of

'. J )the ten programs was 65.2 with a median of 68.

Thus, an estimator whose program had a score of 10 had a great many

uncertainties facing hiL, when a cost estimate was made. On the other

hand, the estimator whose program scored 97 had only limited uncertainty

facing him.

Examination of the individual factors yielded somo interesting results.

The least known factor was the operating system which can have a major

impact upon software cost. The beat known factor was the compiler. This

in probably due to the fact that a JOVIAL compiler is frequently specified

for most ESD programs.

Question #12. This question examined the same factors. However, the

lead part of the question was, "At the time of contract award, how well

known were the following factors?" Again, data was only obtained for six

programs.

Using the same weighting system, the programs which answered both
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question 11 and 12 were examin6d. A marked improvement in the level of

knowledge was obvious. Prior to contract award the six programs had a

range of 10 to 97 with a mean value of 62.33. After contract award, the

six programs had a range from 82 to 100 with a mean value of 86.83. As

V. expected, once a winning contractor was selected, the factors which

influence software coste were better defined.

Ldscussion
It in apparent from the wide spread of responses th-at the level of

knowledge of the ten factors is dependent upon the nature of the acquisi-

tion. Those programs which are acquiring software for an existing data

automation oystem have few uncertainties to address. On the other hand,

those programs for which little is known about the system face many

uncertainties.

The mean score of 65.2 prior to award indicates that for most pro-

grams many of the factors are known to some extent. As expected, the

award of a contract greatly increases the level of knowledge of these

factors.

"In summary, the extent of knowledge of the ten factors is dependent

upon the nature of the program. The level of knowledge varies greatly

between programs at ESD.
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q@, Finding g.4 "Management Reserve

SIn light of the many uncertainties surrounding a software cost esti-

mate$ it seems reasonable to assume that program managers would budget

additional funds for software as a managemont reserve. Tho following

V11 hypothesis was formulated to examine the nature and size of that manage-

me*at reserve: "A management reserve for Boftware is maintained."

Sources Of Data

th Only eight of the twelve individuals interviewed were familiar with

the concept of a management reserve. Programs for which responses were

obtained are: 485L, 427M, TERPE, TIPI II, LORAN, AWACS, Pave Paws, and

Cobra Dane.

Questions and Responses

Six questions were administered.

Question_#13. "Are you familiar with the concept of a "management

resorve?" Eight individuals were familiar with the concept, The

following five questions were then administered to theve eight individuals,

Question #14. "Did the program office establish a management reserve

, for software?" Seven of the eight individuals indicated that their programs

had established such a r3serve. Sometimes this reserve was created by the

contractor within his own budget. However, more frequently the reserve was

created by the program office with funds not placed on any particular

contract. Most of the respondents indicated that the reserve was not

identified as such to prevent its loss during a budget cut,

"Question #lj. "If yes, was the management reserve left in tho program
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, •until the contract was essentially complete?" This question was poorly
ki

worded, It applied only to programs which were complete and it assumed

that ths management reserve was not used. No responses were collected,

question #16. "Do you feel that a software management reserve should

be established for each major software acquisition?" Seven of the respond-

ents strongly agreed with this concept. One disagreed feeling that such

reserves would tie up funds required for other programs.

e.onlU "Do you feel that such a management reserve would be

approved during the budget process at HQ AFSC and HQ USLF?" Four respond-

outo felt that such a reserve would be approved in light of the frequent

overruns in softwarb acquisition, Three others felt that any reserve

identified as such would not be approved,

9aestiou #18. "What size of management reserve (as a percentage of

the estimated software cost) do you feel a program similar to yours should

budget?" The responses ranged from 5% to 50% with a mean of 18%.

Discussion

It is apparent from the data that most programs do establish manage-

ment reserves, However, the reserve may not be explicitly identified as

a reserve due to budgetary pressures.

I
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Finding 5- IndePendent Estimates

Hy&pothesja

A program manager sometimes tries to reduce the uncertainty surround-

ing a software cost estimate by having an outside agency prepare an

•:i independent estimate, At ESD these independent estimates are normally

k- performed by the FESD Cost Analysis Division,

An hypothesis was formed to examine whether the independent estimate

prepared for software was truly independent. The hypothesis was, "The

independent cost estimate provided by an outside agency is truly inde-

pendent."

SucsOf Data

Only five individuals were familiar with the independent cost estimate

prepared for their program. Data were gathered for the following programs:

485L, TERPE, 427M, AFEES, and AABNCP.

Questions And Responses

Six questions were formulated to address this area. Unfortunately,

F data i as only available for three of the six questions.

Question #12. "Was an independent cost estimate prepared for softwarcj?"

Again, only five individuals were aware of an independent cost ostimate

prepared on their program.

question_&2o. "What was the independent estimate?" This data was not

readily available. Also, any figure which could have been obtained would

have been difficult to assess, Often the independent estimate is made years

before contracl award. To compare this independent estimate with the

current estimate would not be meaningful due to the many changes which

76
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might have occurred in the program. To compare the independent estimate

to the program office estimate at that time was attempted. However,

neither the program office files nor the files of the Cost Analysis Division

had this information readily available.

Question #2. "What was the program office estimate at that time?"

Again, this information was not readily available.

u 22. "Which estimate do you feel is more accurate?" Again,

no responses were collected since the relative estimatea were not avail-

able.

j.uetion #23. "Did you provide the independent estimator with your

estimate of the number of instructions?" All five program officas which

had indep.indent estimates indicated that they had provided the independent

estimator with their estimate of the number of instructions.

e. "Briefly describe the type of information you provided

to the independent estimator." All five of the individuals indicated that

the independent estimators were given a complete description of how the

program office estimate was arrived at. All assumptions and parameters

were detailed to the independent estimators.

Ptscassion

E".informal discussions were held with a number of the analysts from the

ESD Cost Analysis Divisiot. These discussions indicated that while different

techniques were used to independently estimate software cost, all of the

techniques relied heavii• upon the estimated number of instructions since

this software characteristic was generally available from the program office.

While tho independent estimators try to insure that am adequate engineering5i' estimate is made by the program office of the number of instructions, they

77
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do not have the capability or the resources to independently estimate the

number of instructions,

Therefore, since both the program office estimate and the independent

estimate rely upon the same estimate of the number of inatructicas, it

appears reasonable to reject the hypothesis. Unless the independent

estimator can obtain an independent estimate of the aumber of instructiona

I' for use in his coat analysis, then the estimates he provides cannot be

[ '.considered truly independent.

"1*
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,Finýdng #6 - Challenges of Estimates

fyi-othesi-

Since software cost estimating is a difficult and uncertain process,

one might expect that software estimates are frequently challenged as to

their accuracy. On the other hand, the lack of a reliable cost estimating

technique may prevent any serious challenge of the initial software estimate.

An hypothesis was formed to examine whether program office estimates or

contractor estimates are challenged. The hypothesis was, "Software esti-

mates are challenged."

Sources Of Data

Data were obtained for the following eight program offices: 485L,

TERPE, 427M, TIPI I1, AFEES, OASIS, AABNCP, and Pave Paws.

Questions And Responses

Two sets of questions were prepared. The first set addressed challenges

of the program office estimate. Eight responses were obtained for this set.

A second set addressed challenges of contractorls estimates. Due to poor

question wording, no responses were collected for this question set. j
Question2. "Was the accuracy of the SPO's software cost estimate

challenged by anyone?" The responses indicated that only one of the

eight SPO's had their estimato challenged.

,uestioz #26. "If yes, by whom?" The one challenge of a program ..

office estimate was made by the Cost Analysis Division.

QuestionA27. "Was the accuracy of the contractor's software cosn'

estimate challenged?" This question war poorly worded since the nature of

the contractual relationship between the Air Force and the contractor

79
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J,4..I requires such challenge.

Discussion

It is apparent from the responses that most program office estimates

are not challenged. There are a number of reasons for this. First, many

of the program office estimates are prepared with staff assistance from

the Cost Analysis Division. Second, for an outside agency to question a

program office estimate, they must have both a good understanding of the

nature of the software acquisition and a good technique for estimating

software costs. Without these, one must generally accept the program

office cost estimate.

(80
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Finding #7- Confidence Intervals

IUpothesis

When an estimator predicts a future cost, he does not expect the actual

cost to fall exactly at that point estimate. Instead, he recognizes that a

range of values are possible and selects a value within the range of possible

values. He might select the most likely or mean value within the range.

On the other hand, he may be conservative and select a value at the high

end of the range.

Since different estimators might be using different points within the

L)range of possible values, an hypothesis was formed to examine what the

range was and what point in the range was being selected. The hypothesis

was, "The confidence intervals which software cost estimators place on

their estimates are narrow and uniform.

Sources Of Data

Since the questiono were not applicable to those programs which were

complete or nearly complete, the response was limited. Also, some individ-

uals did not wish to guess at how high or how low software %onto might be,

"This may have been due to the wording of the question,
• 4

Data was collected from fivo program offices. Because of the somewhat

"*ensitive nature of some of the responses, the programs are not identified.

Questions And Responses

Question #29. "What was the program office estimate of software cost

prior to contract award?" Rather than identify the sources of each response,

Table 3 displays the responses for the next five questions in an anonymous

fashion. Also, no specific dollar figures are given. Instead, each of the

ii
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answers is given in terms relative to the program office estimate.

PROGRAM OFFIE CONTRACTOR POSSIBLE POSSIBLE PERCENT
PROGRAM ESTIMATE ESTIMATE LOW HIGH COMPLETE

Program A A 0.26A 1.201 1.20A 60

Program B B N/A 0.6B B 0

* Program C C C 0.84C ? 20

Program D D D D 1.40D 0

Program E E E E 1.20E 0 '

Table 3
Range of Estimates

u ution #30. "What was the contractor's estimate of software cost

•d. in his proposal?" Again, the responses are shown in Table 3. Note that

for three progams (i.e. C, D, and E), the program office estimate and the

contractor estimate are the same, After contract negotiations, these

three programs felt that the initial contractor's estimate was a reasonablo

value and altered their program office estimate to match It.

Note that for Program A, the contractor's estimate was only 26% of

the program office estimate. While a buy-in or a misunderstanding is

indicated, the contract award was still made at a price which was 26% of

the program office estimate, Without strong evidence of intentional under-

bidding, the pressure is upon the contracting officer to award to the

lowest bidder. The lack of P reliable method for verifying a software

cost estimate may have bee: Lae reason that sufficient evidence could notk!
be developed,

Program B had not yet awarded a contract.
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Question #31. "How low do you believe the actual cost of software

might eventually be?" Aggin, the responses are indicated in Table 3. Note

that two programs (i.e., D aud E) consider the program office estimate to

be the lower bound of the range. On the other hand, Program B considers

the program office estimate to be the upper bound of the range.

Program A's response indicates that the program office oxpocts the

"contractor to complete at 120% of the initial program office estimate.

This is 460% higher than the Initia'. contract award. The program office I

is reasonably confident of this cost to complete figure since a majority

of the contractual effort is complete.

Question #1E. "How high do you believe software costs might eventu-

ally be?" Agai.n, the data is presented in Table 3. The respondent for

Program C did not wish to address this question.1

question #33. "What percentage of the contract period is complete?"

This data is also presented in Table 3.

SDiscuas.lon

"It is apparent from the data that software cost estimators do not

select the same point within the range of possible costs, Program B

~' ~selected a value at the high end of the range, Program C selectsd a middle

•c ,value, and Programs D and E selected values at the low end of the range,

While the limited data precludes any conclusion concerning the confidence

interval surrounding the estimate, the selection of widely different

points within the range of possible costs provides some interesting infox-

mation, A given software cost estimate at L.SD might represent the lowest
;631

possible cost, the most likely cost, or the highest possible cost depending i"
upon the particular program. Apparently no guideline exists which directs

the selection of a certain point in the range.

8.5
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Finding #8 - Software Development Phases

Hypothesis

In preparing a software cost estimate, an analyst must address each of

V I the software development phases or activities which aro applicable to his

program. While most software acquisition&u include the common developmont

phases or designing, coding, and debugging a computer program, there are

many other development phases. A software acquisition may include an

aualysis of requirements prior to software design. Maintenance of software

is another typical development phase.

r' Most of the software cost estimating techniques that have been developed

Iare based on estimating the cost to design, code, and debug software since

these phases are common to all software developments. An hypothesis was

formed to examine which phases were most frequently contained in the soft-

ware acquisitions at ESD. If a program includes more than the common three

phases of design, code, and debug, then the use of only a single cost esti-

mating technique which addressos only these three phases would not be

sufficient. Other techniques would have to be used to estimate the cost

of the other development phases. Also, if a cost researcher is trying to

develop a useful cost escimating technique, he should be aware of the

various phases for which a cost must be estimated. To examine which phases

were included in the programs at ESD, the following hypothoe.s was formed:

4 .," "The phases of software development included, in ESD programs are common,"

~ sottrcos Of Data

Data were collected from the following twelve program offices: 485L,

TERPE, AFSATCOM, 427M, TIPI II, LORAN, AWACS, AFEES, OASIS, AABNCP, Pave

Paws, and Cobra Dane.
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Questions And Responses

Only one question was used to examine this hypothesis. The question

sought to identify which of sixteen software developmen4 phases were appli-

cable to a particular contract,

"Question #34. "Which of the following contractor tasks were included

in the program office estimate of software cost?"

a. Analyze user requirement Yes No

b. Prepare system specification -Yes ___No

c, Define system interfaces Yen No

d. Design the data base -Yes ___No

e. Develop program test plans -Yes ___No

f. Specify all input and output message formats ___Yes ___No

g. Design and flow chart each computer program
component Yes No

h. Write coded program statements Yes __No

i. Compile and check program code Yes ___No

j. Plan and run functional test of each program _Yes __No

k. Plan and conduct demonstration test Yes _No

1. Train user personnel Yes No

m. Condunt demonstration test Yea No

in. Assist in operational shakedown Yes No

o. Develop software maintenance plan Yes ___No

p. Maintain software after delivery Yes No

The responses to this question are depicted in Figure 3. Some of the

program. include all sixteen software development phases. One included

ouly ten of the phases. On the average, more than fourteen of the phases

were included in a particular contract.

-,-85
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NUMBER OF
CONTRACTS WHICH

INCLUDE A
SOFTWARE DEVELOPMENT PHASES PARTICULAR PHASE

Analyze user requiramont 6

Prepare system specification 9

Define system interface 10

' I Design the data base 11

Develop program test plans 12

Specify all input and output
message formats 10

Design and flow chart each computer

program component 12

Write coded program statements 12

Compile and check program code 12

Plan and run functional test of
each program 12

Plan and conduct integration test 12

Train user personnel 11

Conduct demonstration test l?

Assist in operational shakedown 12

Develop noftware maintenance plan 6

Maintain software after delivery 6

Software Development Phases

!•---" ,,. '-•86
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,,.Note that only six programs included the following three phases:

analyze user requirement, develop software maintenance plans and maintain

software after delivery. While theue activities are performed by nearly

all of the programs, they are frequently performed under a separate contrac-

tual effort.

SIscussion

It is apparent from the data the while moat of the coutracts have many

* ; i: ,common cost elements, somo contracts inclucde or exclude certain major soft-

ware development phases. When reviewi.ng a cost estimato r" ESD, it is

Snecessary to emuuine which of the sixteen phases are included in that

estimate mince there is only limited -ommonaltty betweon contracts, One

cannot assume that a given softw, o cost estimate addrossee the same soft-

ware development phases.

1.i:

ii'
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•lnding #9 - Cost Propol .,

A contractor's cost proposal can provide significant management infor-

mation to a program office, If a contractor's cost proposal includes the

method used to estimate software cost, a program office might be better

able to determine if a contractor fully understands the nature of the

software task. Also, if the contractor's estimate is based iupon a certain

programmer productivity figure# this figure can provide the program office

a method of judging the status of software development. For example, if

a contracto,? estimated that his programmers would produce eight instruc-

tions per day during the term of the contract, then any significant devia-

tion from this figure would indicate that thu total man-hours required is

changing from the initial estimate,

An hypothesis was formed to determfne the type of software coot

estimating information which is provided in a cost proposal. The hypothesis

was, "The contractor's cost proposal indicates the method used to predict

the cost of software."

Sources Of Data

Seven program offices wore able to provide data. The are: AFSATCOM,

427M4, TIPI Ht, LORAN, AWACS, AFEES, and Cobra Dbc.ne, Other~ programs were

either not on contract or the individual was not familiar with the con-

tractor's cost proposal.

Questions And Responses

Question L2. "Did the contractor's cost proposal indicate how the

cost of software was estimated?" Four individuals indicated that the
8.

,' 7
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method for estimating software cost was explained in the cost proposal.

The other three individuals indicated that there was no supporting rationale.

Question #36. "If yes, briefly describe the mothod the contractor

used to support his software cost estimate." Tk--ee contractors first esti-

mated the number of required instructions. Then, they applied a programmer

productivity factor to determine the amount of direct labor required. In

one case, the contractor's productivity factor was supported by data from

a previous contract.

A fourth contractor estimated cost by performing an engineering cost

analysis, The software was divided into modules and each module was esti-

mated in terms of the number of man-hours required. No estimate of the

number of instructions was made.

Discussion

It is apparent that the inclusion of the software cost estimating

method in the cost proposal is somewhat random. When the method is pro-

vided, it does supply significant information, For example, the estimate

of the number of instructions furnished by three contractors could, be

checked against the proglram office estimate. Any 6ignificant differenie

would indicate the need for additional technical discussions. Also, by

providing productivity factors, tue contractors providad the Air Force with

an additional method for monitoring the status ox software development.

The three programs which did not receive any supporting dat, run the

risk of awarding to a contractor at an unreasonably low price. The prob-

lems created by much awards were discussed in Chapter II.

89
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"I Finding #10 - Contractor Bids

When a contractor estimates the cost of software in a proposal, a

number of factors can affect the bid price. His understanding of the

requirements, his labor rates, and his pricing policy are major factors.

However, his method of estimating software cost is also an important factor,

While the effects of these factors are difficult to separate, it appears

reasonable to assume that understanding, labor rates, and pricing policies

should not result in radically different prices for software. Instead,

any radical difference is more likely due to different methods for asti-

mating software cost.

An hypothesis was formed to determine if radical differences in the

bid price for software do occur. While the causes of these differences

are uncertain, an assertion is made that a primary factor is the different

methods used to estimate software costs. The hypothesis was# 4Contractors

estlmates in response to a softqare Reqvest For Proposals (RFP) do not

'I' vary widely."

Sources-Of Datpo

Data could only be obtained on three programs at ESD. Due to the

Msensitiv6 nature of contractors# pricing data, ýhe specific programs
A ,

involved are not identified,

Slstions And £Resaonsee

Three questi',,is vtre formulated which sought to identify only the

highest and lowest bidder and determine the range of the bids, However,

since data was available for only three programs, all of the bids for a

90
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Sit program are examined to provide additional insight.

.uestio# "Was the contract for software awarded competitively?"

All three of the contracts were awarded competitively and Involved both

hardware and software. Only the bid price for the software line item WuA

examined.

ga •estions L18 and J:9. Those questionu only uoughi; to identify the

4A kh.ghest and lowest bidders. Instead the entire upoctrum of bid, is

• ,examined for each of the three programs.

I':- The first program had seven biddern, all major defense contractors,

, I" The Air Force estimate of software cost was $150,000. One oontract•,r eati-

mated the software cost ut one-third of this figure while another estimated

the cost at almost six times higher than the government estimate. The other

five bidders woro distributed vvenly between these two extremes. Note that

the highest bid was 17 times higher than the lowest bid. The contract was

awarded to a contractor whose software entimate happened to match the Air

Forcc estimate. (Note: Thin effort consisted of both hardwaro and soft-

ware. Therefore, the bid price for software was not the only factor in

making the %ward.) At the completion of the contract, the actual software

cost was fairly clone to the government's original estimate.

A second program had only three bidders with a much smaller range of

•:•bids. If we call tho government's• Initial estimate "X", then we can ex~wine

the bid priceg in relation to the gV~vernment estimate, The throe bids were

4V 66% of X. 84% of X and 126% of X respectively, While these bids bracket

the government estimate, there in still al•most a two-to-one iatio between

the h•ighest and the lowest bidders. Since this was a multi-,million, dollar

software effort, the difference wan quite substantial.

Data on a third prograA was obtained from a briefing given by the chief

91

'Aj'



(ISM/S1H7S-4

Sr1 of the ESD Cost Analysis Division %Grimm, 1976). The data provides the

responses of five contractors who were bidding against the same statement iO,

of work. The data includes the contractors' estimates of the number of

instructions.

CONTRACTOR INSTRUCTIONS COST

A 153,000 $2,800,000

B 282,000 $2,500,000

C 400,000 $4,600,000

D 735,000 $4,500,000

E 766,000 $2,100,000

Note that the contractor with the largest estimate of software size

/2 (i.e. Contractor E) bid the lowest software price. Note also the range

in the sizing and in the oost. The sizes range frok- a low of 1535000

instructions to a figure five times as big. The cost range is narrower

but still represents more than a two-to-one ratio between the highest and

the lowest bidder.

"tDiscussion

Again, the reasons for the differences are uncertain. It can be seen

that there is a wide range not only in the pricing of softWare but also in

sizing software. How much of this cost variance can be attributed to the

method used in estimating software cost cannot be determined. Admittedly,

some or even most of the difference might be due to misunderstandings of

the requirements. However, if we look at bidders D and E from the last

example, we can see that despite reaching similar conclusions concerning

the size of the effort, the dollar values assigned to their efforts are

quite disparate.
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F ~It seems reaonan~tloj even in light of the limited data, to refute the

hy~pothiboiE. Contractor's as~timates of software costs do appear to vary

.;quite significantly when responding to the same specifications and the same

statement of work,

4'
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Finding #13. -Availability of Data

Finding #2 described the various types of softwaro cost estimating

techniques whi!:h are in use at ESD. These techniques rely heavily upon

such parameters as cost per instruction and programnenr produrcivity.

Since the accuracy of these parameters is important, an hyp)thesia vau

formed to examine whether the contracts at ESD were collecting the type

of software cost data necessary to verify these parameters. While verifying

these parameters might have only limited utility for the current programs,

it could serve to guide future software cost estimating efforts. The

4 bhypothesis wast "The type of software cost data currently being collected

on software contracts will support the types of cost estimating methods

currently being used."

Sources Of RLILE

Data was obtained for the following eleven program offices: 485LO

427H, TERPE, AFSATCOM, TIPI II, LORAN, AWACS, AFEES, AABNCP, Pave Paws,

and Cobra Dane.

Questions And Reaponses

Eight questions were asked to determine what elements of information

wora being collecbed by the eleven programs, The responses to each element

of information arm summarized in Figure 4,

Runstion-#kO. "Does/will your contract call for the reporting of cost

data?" Ten of the eleven programs indicated they do receive contract cost

data.
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CONTRACT COST

SOFWAM- COST

TOTA&t NIIMBEI OF

INST~RUCTIONS PER

MAN-.HOURS FORl

KNW-HOURS PER

MACHIN~E HOURS
7OI~~4" S01AR

Xulormation in Available (Eleven Programs Interviewed)

ji7 ypoof umbe ofProramsforwhih Inormtio
Availability- of Data

Smto iL "Does/w-ill tho contractor i.eport tkio cost of software

an a separately identified item?" Eight of the eleven indicated that aaoft-

ware costs are separately ideutifiod, This in~ aiffpi.ifi cant, Major programs

at the Aeronautical Systems Division (ASD) such an the B1~- do not selparstely

14ontify Asoftware in their cost reports, At ESD, however$ the practice is

quito com1on"
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Question #1,. "Does/will the contractor report the total number of

cowputer instructions?" Again, eight of the eleven programs receive this

data.

Question #3A3. "Does/will the contracLor report the total aumber of

instructions Lor each Computer Program Configuration Item (CPCI)?" (Note:

A CPCI is a software module which includes a major segment of thic o' AaIe

being acquired. For example, a compiler or an operational flight program

might be CPCI's. If elata ir available to the CPCI level, an estimator

might be able to draw analogies between similar modules for different

programs). Seven of the eleven programs receive this level of data,

Ruestion #44. "Does/will the contractor report the total number of

direct ami-hours charged to software?" This data in required to determine

programmer productivity factors. Seven of the eleven programs collect

this data.

"ue2, ,Does/will the contractor report the total number of

direct man-hours charged to each CPCI?" Thia information would bQ necessary

to determine if different productivities existed for differint types of

software modules. Only four programs receive this data.

Qestion #4 6. "Does/will the contractor report the total number of

machine hours for software development and test?" Computer time can be a

significant portion of softwaru cost. While some of the ESD programs

provide this re&,ource as a government furnished itom, others aro charged

for machine hours by the contracto., To be able to compare coat data from

two programet an analys.. would have to know whether or not this cout is

included in the total software coat, However, only five of the elevon

programs collect this data.

'uestion ft.. "Does/will the contractor report the total wjrber of

96
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r • machine bours reqaired for the development and test of each CPCI?" Only

two programs received this level of detail,

SIDiscussion

The collection of data by programs at ESD is far from uniform. Some

. programs collect all of the above data olements whilo othur,,' collect only

a few or oven none of them. To develop a reliable softenero cost cstimating

data base, controlled and well defined data should be collected from all

programs.

Many uf the individuals reported that whilu the data was not formally

collected, it might be obtainable from the contractor, Ilowever, unlous a

) specific and well defined net oY software cost elements are contractually

required and formally reported for all programs, the development of a

comprehensive and productive software cost data base is extpemely difficult.

In general, it appears that many programs at ESD are collecting the

types of data necessary to develop a uoftware cost estimating data base,

SUnfortunately, some serious gaps exist in the data callected., There is no
common format or definition of variables for collecting this data. Also,

there in no common repository for the data i,;at is being collected. Unless

this data Is uniformly collected and analyzed for many programs, the utility

of the currently collectea data in developing better cost estimating •ech-

niques in minimal.
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Finding #12 - Software Status

S1I'jothesis

Because of the lack of well defined technical milestones for software

development, managers havo difficultj in asseslng the status of software.

fNeverthelesa, tho status must bo dototiav fezo wanadewuit puroseos 6u~h

I•+ as determining the amount of progress payments to allow a contractor. The

status of software is frequently given by e. single x.ramoter - the percent

complete. While the validity ot such a paramotor may be questioned, it i1

in widespread use at ESD.

An hypothesis was formed to try to deteo-wine how the percent complete

V of software was computod. The hypothesis vasa, "A primary management indi-

cator of software status is the comparison of budgeted cost and actual cost,

The percent compolete of the software task ij equal to the ratio of actual

cost to budgeted cost." In Chapter II the problem of using this ratio as

a status measurement was discunsed. If the software cost estimate is in

error, then a manager may well be monitoring financial activity instead of

technical progress.

Sources Of Dat

While it was possible to obtain data concerning the actual and budgeted

cost of software for many programs, it was not possiblo to readily collect

*data concerning what percent complete the software was Jui od at any Upecific

time, While such data may exist in the contracting officerts files, the

individuals interviewed were not able to provide this information, There-

fore, no data was collected concern.ng this hypothesis.

"r-
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FI'Luing #13 -Changes in Software Coat Egstimates

Hypothosis

After making an initial estimate of software cost, a ranager will

frequently obtain additional information which requires a rev.sion of the

cost estimate. An hypothesis was formed to examine when and how theae

changes occur during a program's lifetime. The hypothesis was that the

software estimate did not change.

Sources Of Data

Datu was gethered from ten programs at ESD. Five of these programs

were complete while the other five are still ongoing. Due to the sensitive

nature of the data, the individual programs are not identified.

Questions And Responses

Initially, a set of eleven questions was formed to address this hypoth-

esis. The questions appear in Appendix B as questions 51. through 61,

Sufficient response was not obtained on these questions for two reasons.

First, the questions assumed that each program office maintained an

historical record of the initial software cost estimate and of the changes

to the estimate during the lifetime of the program. buch data was not

consistently recorded by the program offices. Second, the questions were

poorly worded. For example, one question asked for the cost estimate at

the timv of the Critical Design Review (CDR). It was thought that the CDR

was a single point in time common to most programs, Unfortunately, while

the CDR is common to most programs, it sometimes covers a considerable

period of time and is not a single point in time. Therefore, the software

estimate during the period of CDR sometimes changes quite significantly.
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In light of the unavailability of responses to tho eleven questions,

an alternative source of data wac used. Many of the contracts at ESD

receive periodic reports from contractors concerning the progress of a

contract. One of these reports is the Cost Performance R~eport (CPR). The

CPR reports the contractor's progress against an initial financial plan.

A budget or financial plan ia ostablirhutc for each maj-o:,-tt aiL w thc starý

of the contract. As the contract progreosseu, the contractor reports his

actual expenditures and explains any variances between his estimated

expenditure and his actual expenditure.

While the CPR contains many items of information, only two were

relevant to this hypothesis. The first item is the contractor's acturl

S'cost expended for software. This actual cost includes direct labor ,md
II

overhead. The second item is tha contractor's estimate of total coftware

cost. As the contract progreoses, the contractor reports both his increas-

ing actual cost and any changes which he may make to hts estimate of the

total software coo+,

Completed Pr&o m. We can first look at t1-i data which was obtained

from the five programs whose contracts are completed. Figure 5 depicts

"the type of information gathered from Program A,
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-• I The horizontal axis of the graph depicts the number of months elapsed after

contract award. The vertical Axis depicts the ratio of estimated or actual

cost to final cost. Two plots are made. One is the ratio of actual cost

to final cost over time. The second is the ratio of the estimated coat to

final cost over time. For example, Figure 5 indicates that the initial

sottware cost estimate was only 52% of the final ioi _raro cost. Al.o, tho

graph indicates that the actual cost equaled the initial e.timate when

only 2Z of the 44 months of contractual effort were complete.

Some interesting observations can be made from Figure 5 which is

representative of the data obtained for all five completed programs,

First, one notes that the ratio of actual cost to final cost is essentially

linear. The implication is that the level of resourcoe applied to software

is level throughout the period. Note that for Program A, the contractor
probably sized the initial software team based on him initial estimate of

software cost, However, this estimate was only 52% of the final coat.

When the contractor began to realize that his initial estimate was faulty,

he did not take any action to significantly increase the amount of resources

applied to software.

TWo reasons can be postulated for the coatiactor's failure to increase

software resources, First, increasing resources adds significant cost and

problems to the project. The existing software team must normally stop

software production while now staff members are trained and oriented to

the new project. Second, the contractor does not quickly realize that his

initial estimate was grossly wrong. For example, after 16 months the

Prog-am A contractor finally raised his estimate of software cost. However,

the increased value was only 72% of final cost and was not significitntly

higher than the original estimate. Later, in the 28th month, tho contractor
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L,, Qagain raised his estimate of software cost. He now knew that his initial

estimate was grossly wrong, but it was too late to make any significant

improvement in schedule performance by adding more resources.

In essence, it appea's that the contractor has the attitude that good

times are just around the corner. While his estimate might be grossly

wrong, he learns of this gross error only slowly. The increas*o in tho

estimate never appear to be large enough to merit the application of

additional software resources. The net effect is that Program A software,

NA• which was expected to take 22 months and cost a certain amount, wound up

taking 44 months and costing almost twice as much.

SThe impact of this attitude is twofold. There is of course the addi-

tional cost of software, However, this additionasL cost might be minor in

impact compared to the indirect cost of a 22 month schedule slip. Such a

slip can generate indirect costs which well exceed the additional cost of

sot twure.

A second observation can be made from the Figure 5 data, Note that

the estimated cost of softwaz'e appears to change in irregular steps. Again,

two reasons can be postulated for this, First the contractor has no method

for easily updating hia initial cost estimate, Ila does not generally have

a cost model which can be quickly updated to take into account current

performance. Instead, reestimating is a major tank. The software pro-

duction is Lulted while a new softwaoe developmont plan is formulated and

resources are estimated against this now plan. This type of major re-

estimating effort can compound the problem of rising software cost. There-

fore, contractors tend to avoid roestimating until it is blatantly obvious

that the initial plan is faulty.

The socon. reason for the step-like behavior of the estimated cost data
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is that the contractor frequently is uncertain that his current estimate

Si in error until his actual cost aprroaches his estimated cost and the

software is still incomplete, Note that for Program A the actual cost

almost equaled the estimated cost in the 27th month finally forcing the

contractor to realize the need for rsontimation,

A tktrd observation can be made by looking at the changuu in tho uoft-

ware estimate during the early months of the contract. One might expect

that after the software team has been aaoomblod and working for three to

six months that they would then have a valld conception of tie size of the

software, However, looking at Figure 5, we can note that the estimate

actually dips in the first months - increasing the estimating error. Not

until 16 tuonths into the program is a significant increase in the software

cost recognized, Apparently, the first months of a contract are a period

of optimism durinit; which any indioations of higher software costs are

either not available or are ignored.

Appendix C contains the graphs of four other completed programs

(Programs 13, Op 2p and X). While the initial cost estiunte for these

programs varied from 3dX to '78% of fV mal uost, the general pattern of all

five programs is oomoewhat similar# Doftware couts are accumulated linearly;

software otLimateu change in irregular ateps; and no major charge occurn in

the estimate early in the program.

Unco mletod Pro rama. Having looked at how complotod programs per-

formed, we now turn to the five uncompleted programs. Fig-ire 6 displays

the data gathered for Program F.

Note that since the programs are still ongoing, no final cost of soft-

ware is known. Therefore, the vertical axis of Figure 6 represents the

dollar value of the estimated or actual. toot of software, Note, :or example,
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that the initial cost for software for Program F was about $8M. After

45 months of effort the estimated cost to complete ham grown to $17M, more

than double the original estimate.

Again, the same three observations can to. made for the uncompleted

programs that were made for the completed programs. For example, the act-aj,

cost are again being accumulated in a linear fatihion. Also, thu chanlgou in

software estimates appear to occur in irregular stops. And again, no major

change in the software estimate is evident for the first 16 months of tie

Oontract.

Appendix D contains the data collected for both tbo completed and

uncompleted programs graphed in the same fashion as Figure 6. The graph*

indicate different valuem and different sizes of uoftware errors. Ilowevor,

all ten of the programs tend to exhibit the same three properties that were

observed for Program A and Program V.

d s.

Again, the Coot Performance Roport data appoarn to iYAdicato a number

of things about software coot entimates. The implications that theme

observation- can hAve for managemont are Important.

Linear Coat Accý:ýl The data indicate that none of tho ten contractort

ever significantly altered the sitze of the original software team, The

Scontractor will normally keep the initially fori,.ud teoan working until the

woftware is eventually completed.

This implioet that any error in oetimating software coat will oventu-

ally bo traenslatod into a uoftware schodule slip. For example, in Program A

the contractor originally estimated software to cost $1.7$ and take 22 monthu.

At the end of the contract, .noftware cost had risen, to $3.4M. Since the

program was a large ha.dware and software development, the dollL" increase
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in software had only a small impact, However, the r•oftware schedule was

extended from 22 months to 44 months. The indirect cost of this schedule

slip cannot be determined. However, it was quite ovident from diartussions

with program office personnel that the schedule slip had a much greater

impact than the increanod cost of software,

Thus, if managern view tho complotion nchodulo of thoir pr'ogram u a

"critical. factor, then managers should bo equally concernod with tho uoti...

mation of software cost. Any error in the rooftware cost estimate w111

probably be tranualated Into schedule olippa&e.

Stop ln 1"'timatoa. 01n0 M',jght exI)OCt that iLf A noft~lArI Managejr

saw that a certmain software modulo had boon onludeetath •it

take action to reviso his ontimawto of the remaining modules. In fact, the

software maniager dooi riot app~ear to quickly reAct to any auoh I1ndicationn,

Only when the actukal. conet of software ap.proucheu the estimated cot, (loan

the nottwaro manager appoe•r to bo au~f:~lontl'y motivatod to ijto)p produaing

software arid to revio his noftware otetimato. ThLs typo of behavior i"

demeorstratod in the iregular ntopwiso changes in the software estimato.

Xal0.timln,. , It 0a10o appearm that nooftwaro ianagers are qul.te

optimistic durinig the early monthe of a contract. Agalo, one m.L,,Iht exe)oct

that daring the oarly months a more doifnito softwara devlopment plan ns

establishod which accurately rof:Lacts the total offort required, Given

much more time and reoourcos thum were available during the preparation

of contract propooaln, one might oxpoct that the new pl.an during the early

months would indlcato the nood to accurately revise resources.

In fact, such a revision of software ostimatox does not appear to

occur during the early months of the contract. In many caeon, the ontimate

of software cost actually drops and bocomos worso. Not until quite late

1,07
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iin the contract does the contractor slowly and gradually realize the error

in his initial estimate.

The Good kAd The Bad. None of the five completed programs ever had

the final cost of software lower than the intwaal estimate. The beot

prformance wan from two programs which exhibited cost growths of about

0%#. If one considern that these eatimateo were ;nJAdO fol It tWo •YO&a I)Oeiod

durlug which inflatinn warn quite high, then the accuracy of theae two

program estimates in remarkable. On lho other hand, there are other pro-

gram# whose software cost has doubled and continues to climb, In short,

the r.xne in program performance, a4 indicated by the initial softwa:e uost

estimate, in quite broad. In light of the vastly different moftware cost

estimating parameters and techniques In ueo, as presented in Plinding #1,

the wide dioparlty of p'ogram pei'formanvie In not rAurpriming,

• •r 
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VI. 'Rcommendations SI

In 1976, pD]) managers will be moking decisions concerning the acqui-

uttion of an estimated $3 billion of software, Since coat is frequently

the dominant crito.,ia in these decisions, the capability to provide thoso

managers with roliable and accurate aoftwaro coot ontimatoo iki omiontial.

Thin research effort has provided some limited insight into the noft-

w.re cost estimating process at NI3D. Based upon the research findings,

I there appear to be some major problem areas which inhibit the development

of accurate and reliable software cost estimates. This chapter reviews

these problem areas and recommends action'. to improve the software cost

Sestimating proces.,

While thin research was limited to the M.nD onvironment, the same types

of problema may exist at other Vol) software acquisition mativitiem, There-

fore, the adoption of theme reoommendat:Lone by other Dol) agencies ushoild

oo.so be co•nideorod.

"pr]One part of the software .ont osti•ating procoui whiih can be Improved

is the development of *internal program office *nltimatees of svftware coat.

Before examining possible improvomentn, It in important to understand the

"1nature of the problems est:imators at hW., have in developing acouzr ie and

reliable outimateu.

. -rrcr ,ourcon, In eotimating software cost, there are three pOeo&.-)

sources of error. The first aourco of arror is due to the element of ohanc6

in the future which makes cost nA random variable. No matter how good an

estimat.ng technique might be, the random nature of future coot will always

be a source of error. No action can be taken to completely eliminate thin

• I 09
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*1 source of orror,

A second source of' error' is the estimating tochni1quo Ltoolf,~ No

cuzrrent tochni~quo has been domon~tratod to cons-istently produce reliable

and accurato estimatos. Current techniques fail to procisel~y and completely

describe the relationuihip that exists between coa3t and other parameters.

Until futuro retiuarch dovolopo bott.or tochniquou, th.Lu fourco of ox'ror '
willt continue tu trouble progiram oxfico ontimatou.

Thore is a third source of oi-ror which mnty, in tho write-On opinlon,

contribute more orror than the other two sourees. Thia third source La

the none-uniform auid unskilled application ci' a cotit estimating~ technique.

obtained If the tochnique iso properly useod, 1Pho ronoakrch findingo ivr'I.-

catod that a~ numlbor of problem areas oxitnt whitch jp,,lvo rde to thin type

of orror,

ProbloinAronati F1or exam1)lo, A.netoad of Unin. (A UoJtihion) weil-dorinod

J ~~Method for )Dt.111ifl4'g f.JOftW1Ara uout, VAnd:U?' , #J, inldictto( thet Ij] onti.-

Miktorrs use" it Myil-ad of different and Ipoorl'.y defined tooloilquoi. (oflt

Varanmetere vary W,'dely. Managoreutin f t d0Mcttt omaeOtj.MUAt~f

prepnL'ed by diffýi'ent tS011I .qU@1i. They 1A.1so rind :1t di:fficult to Judge

S.1 thu r4t.A.:V0 M01-101 Of th(9 va1.oull tochuitquou LI~uoO not on1ouj~il pi'ogra~lan

-, .eU40) tile MAMe mothods anld tile wfitem cost par'rnioteiul

The many di. foernt tecohni quos , coup:Iod with 'iomeunil edrtintri

often can ramul~t Inl errors, ln -,,i c1Afe, rui 05titIAtor input nn antima~te of'

80,0()0 inatruct1.onn into a cost Model, onIlIy to finjd JlAter tha~t tile truq

numbor' of Inintruct~ioiit as wm I.'/,000. Another evtimola.or 11ntorviewed did not

unidoertund the dIfferenoe b)etwoon source and object :I.nsjt1uct~onlS, Ill a
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t: .third caoe, a misunderstanding of terms resulted in a $33 million estimate

for a software project probably a tenth of that size. These types of mis-

takes can result ir more net error than any other source.

I Other problems exist. Finding #7 indicated that a given estimate

might roprosent oither the lowest possible cost or the highest possible

cost. Finding #8 indicated that all ostimates do %ot address the same

phases of software developmont.

1Faced with those probloms, managers seek outside help to bolster their

confidence in an ostimato, However, Finding #5 pointed out that the current

inde•pendenL estimatoo were strongly dependent on program office estimates

L• f of the number of instructions, The independent estimate is likely to

suffer from the name IjourcoaL of error ato the program office estimate.

Finding #6 determined that most softwaro coot estimates are un,.hallenged.

Managern cannot count on errors boing detected by nome outside agency.

One ma•xJo (;Luse of thoets probloms waj possibly idontifiod by Finding

#;A. Tho no'ftwaro coot ont:I.matori; at XI.D do not posnow aa uomzono, minimal,

level. of work or oducational experienc:o which might qd.alify them to properly

analyzo a major noftwaro of fort and ostimate software cost, While a few

wure wl. qualifiod, othern had almost no work or educatlonal background

in noftwaro devo.opmiont.

".An Anonsamont. Based on the resoarch Uindings, it -Ape.r5 reasonable

to conclude that. the current problems 1n the software cost ntimat'i'ng procoiiu

at 1•ZI) ark• nhibiting the dejeloliyentt of the accurate aknd roliab..e estimates

which manaiorn iiood to make good nioftwaro management docit.ions.

Proegram Offico Ijtimatoii- A Iocommondation

One approach to minimizing tho above probloms in to hAve all ESD

program offlces utilize a commoen, HoUnd, softwaro cost est:imating tochniquo,

III,



Based upon this roeearch, it is recommended that ESD tentatively adopt a

forthcoming software cost estimating addition to the RCA PRICE model as

the standard ESD software cout estimating technique.

Objective 0f The Recoramendation, There is nothing that can be done to

reduce the estimating error due to the random variable nature of cost.

Likewise, until further cost research is porformed, little can be done to

reduce the error inherent in any of the current estimating techniques.

However, much of the error in program office outitates may be caused by

the problems identified in the research fl _:sgs. The objective of recom-

mending adoption of the RCA PRICE model as a standard technique is to

address this type of error.

• DAdvantages Of A Common Technique. Independent of what technique is

adopted, the use of a common technique promises many improvements to the

current software cost estimating process:

1. If estimates were pivducod from a common technique, managers

could then reasonable compare two estimates in making a decision.

2. Selecting a well-founded technique would eliminate the use of

many other techniques which are suspect in their predictive ability. The

"wide range of unsupported cost parameters in use would be narrowed.

3. A common technique could Inuure that all estimators addressed

the same software cost elements and the same software development phases in

their estimates. Each phase could be explicitly identified. and estimated.

4. To lesson the proL.ems caused by the disparate backgrounds of

the estimators, a minimum amount of training in the une of a common tech-

nique might be required. In lieu of ouch training, a common technique could

be well-defined and well-documented to minimize misinterpretations and errors

in its application.
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5. With all ESD programs using the same technique, a wealth of

information would soon be availabl6 to determine whether the technique was

successful and to determine hc4 the technique might be improved. The

current use of many different techniques inhibits this type of feedback.

6. The common technique could specify which point in the range

of possible costs is to be selected. No longer would estimates range from

the lowest possible to the highest possible cost.

7, Finally, adopting a single technique would aid the independent

estimators at ESD. Instoa. :f having to verify the reasonableness of many

different and ill-defined techniqueo, the indepenlent estimator could

simply have to insure that the common method was properly applied. He

might then spond more time and effort in insuring that the parameters

input to the model were reasonable. Outside engineering assistance to

verify the estimated number of instructions might be obtained.

Tho RCA PRICE Model. The specific technique recommended for tentative

adoption is A forthcoming addition to the existing RCA PRICE model (RCA,

1975). The PRICE model was developed by RCA and has been marketed to a

wide variety of industrial and DoD uters. To date, the model has primarily

been limited to the estimation of haordware cost. However, in the Fall of

1976, RCA plans to expand the model to include the capability to estimate

the cost of software development.

The software cost atimating addition to the P71CE model is, to some

extent, an adaptatio;. of the Wolverton technique discussed in Chapter III.

The technique first requires the estimator to divide the software into

modules and to estimate the size of the individual modules. The design is

required to produce modules no larger than 1000 instructions in size. ThA

estimator is then asked to determine the type, complexity, and data storage
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requirements of each module as well as any similarity between the new module

and past efforts.

After the modules have been classified, the model provides "cost per

category of instruction" factors to estimate the cost of each module,

These factors are based upon experiences at RCA for a particular category

of instruction.

For each software development phase included in a particular program,

the model insures that each phase is explicitly addressed. It also insures

that the various elements of software cost such as direct labor and computer

time are also explicitly addressed.

While the model is quite detailed, the information and judgments

required to use the model are fairly simple once a detailed software design

is available, The model is an on-line computer model which wakes it simpl.e

for the estimator to input his information and judgments. It also makes it

easy for an estimator to quickly determine the cost impact of proposed

changes to the software parameters.

Despite the promising aspects of the RCA PRICE model, it has not yet

b' demonstrated that it is any better than other techniquos in consistently

producing accurate and reliable cost estimates. However, the reason fo-

recommending the PRICE model is not that it has proven to produce better

estimates. Instead, the recommendation is made due to the workable nature

of the model as well as some unique advantages it offers.

RCA PRICE Model. - Advanta es. The RCA PRICE model is the result of a

well supported research effort by a major hardware and software contractor.

Tt has been developed with the best of motives - profit. Howevir, there

are other reasons for recommendi.ng its use:

o14ff.N>
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1. The RCA PRICE model will be easily available to all ESD pro-

gram offices. The ESD Cost Analysis Division contracts with RCA for the

right to use the model. Consultation services as well as a complete

training program are also made available from RCA.

2. The PRICE model is now used to estimate hardware cost for

p. all ESD programs, In a briefing by the chief of the Cost Analysis Division,

the PRICE model was said to consistantly produce estimates within 10% of

the actual cost (Grimm, 1976). While this same success might not be

shared by the software addition to the model, the current success of the

model as well as its reputation merit its tentative adoption.

3. While the model requires a detailed software design, the

program offices at ESD have access to adequately qualified software per-

% sonnel who can properly utilize the model. No sophisticated knowledge of

cost estimating or of modeling is required.

4. One added advantage of the model is that it requires the

,! software to be divided into 1000 instruction modules. By requiring this

level of detail in the design, the model insures that the operational user's

requirements have been sufficiently defined to support a detailed design,

If such a design cannot be made, a program manager might infer that

additional effort is required to more precisely and firmly define the

"sometimes elusive userts requirements,

5. The model will probably be adopted by other DoD agencies and

defense contractors. Such widespread use should result in large amounts of

feedback to RCA cncerning the success of the model. Improvements in pre-

dictive accuracy should be quickly forthcoming from this feedback.

6. Initially, the model will be based on the actual cost experi-

ences of RCA, a major and experienced developer of both hardware and software
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i •systems. The cost per category of instruction factors will represent

values measured by an intensive RCA internal research program. This

contrasts to other techniques where the sources of cost factors are fre-

quently not identified.

7. A major advantage of the RCA PRICE model is that it defines

in detail the various software cost olements and devolopment phases. With

Widespread use of the model, these definitions may serve to enhance the

flow of software cost information on a common basis.

The Recommendation. There are many problems inhibiting the develop-

ment of accurate and relia'le estimates at ESD. By adopting the RCA PRICE

model as a common technique many of these problems can be minimized.

Therefore, the early adoption of the RCA PRICE model as the standard ESD

software cost estimating methodology is recommended,

Contractor Furnished Cost Information

A second part of the software cost estimation process which can be

improved is the management of contractor furnished software cost information,

The contractor furnishes such information in his initial cost proposal and

in his periodic Coat Performance Reports (CPR). A more uniform policy

towards the use of this cost information can significantly improve the

software cost estimating environment at ESD.

Cost Proposals. Finding #9 indicated that not all program offices

receive data which supports the contractor's initial estimate of software

cost. Even where this information is furnished, it sometimes is no' suffi-

cient to enable the program office to judge the reasonableneos of the

estimate. For example, the software cost might be based on an average

productivity of eight source instructions per day. However, unless this

factor is supported by historical evidence, the p,.'ojram office cannot
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determine whether the claimed productivity and the resulting coat are

reasonable.

Without the ability to completely understand how the contractor

arrived at his coat estimate, two problems can occur. The first problem is

one of misunderstanding. Difficulties in accurately describing the work to

be performed as well an the short timo available foLr tho pro-paration of

technical proposals can cause significant technical misundurutaidingo to

arise between the Air Force and the contractor. These i iaundorstandinge

can have a negative impact upon both parties and must b4; avoided.

Finding #10 indicated that those minunderstandingn do occur. In one

case, contractors' estimate of the size of a software effort ranged from

153,000 instructions to 766,000 instructiona. Contractor bids for the same

software efforts ranged from a minimum of two-to-one to a maximum of

seventeen-to-one for the three pr'ocurements studied.

One approach to minimizingx these misunderstandings .in to have the

contractor fully explain the assumptions ho made in eatimating the cost of

software. S;ignificant differences in the size of the effort or in the

level of difficulty expected would indicate the need for additional tec)nical

discussion between the technical reprovontativea of tho Air Force and the

contractor. 'TCho coot oetimate, and the methodology ukod in deriving it,

offer the best voeicle for detOlmtining :Lf any gross miaunderatmidings

exIst between thu Air Force and the contractor. However, to analyze the

contractor's estimate of cost, BESZD must first require that all cost proposals

for software specifically explain the method and asnumptions used to make

the estimate.

A second potential problem can occur if the coat proposal does not

sufficiently detail the software coat estimate. The second problem is the

7 i,



1 "buy-in" whoro a contractor knowingly oubmits am unroalin tic ally low bid

for Gootwaro, An dincuflood in Chapter 1I, ak buy-inl call load not only to

inequitab3.o contrtact awardo, buxt eventually to additional coat to the Air

Force whon tho tru cooat of the noftwaro bocomeo apparont. The bout mothod

Ito rnvoid this problem In to be ab'le to fully antklyze tho cotatol

iiij U t~t:.tfltto OfV 00oitWAIT o uIti. '11 'a coiitvaomtor (111.0.141 that ho wAXU.J

exporience a productivtty of M.( tiouroo iluntructionti j,)or fl1VkX1dtk then the

I ~program of f~ce can tako actlon to vor.1 iy tho roationabonons of thlu fLactor.

Audi~tr by tho Doftingo Contract AudIt Agency (DXAA) oxr ntudiea by the

IDofoitoe Con tract Admiuiin~trat:Lon .1orvicoo 0( 1XOA) onn bo unod to verify

whether tho fIaOtor, .li r.ot-AtIolablo hanod upon tho naturo of£ the now wo~j*

HI) rund uponl the 10,11toriclulkI poxf rmance of the conty'laO tor,

To0 mvold buy-.lnu or miudr~adno It JIn r~OCOtiiOnd~d that 0-:1,

coiitrac tok, ooit piooi~ifor owftwarv bo roquir.'u to fu~ll:y tjupport the

noftwaro coot ot i~ato * Atimuiptlonri m) to the flivzo of the effort or its to

tho expec tad prmiodutivitLy ih1ould bo u loarly :W0nti.Vfiod and oupportod by

OntgInoI0nr11') andA 1 1.11tox"10a.] data.* With ait' omplo to andn 1u tua:i, 111do ro tmid'Ing1

of the 001ntrLaotovoi' oInitial on tfirnato 0 1' haoLW twaro cot, A p.rog'r1AM manage k'G

can be bettor )twa~urod that hiia p~rogramn Iii ofCf to it gpood and no:lid aitart.

COmit Pa r~o rian co Rp.or to I"ic.1.1d1.11 //J.I. OxpI.l'orn thIo cooi tInformnation

4. suubmittod by contrlct()rijJIik thoilr porlodic C;Oot PoX'0Y'folLICO 1Roport, Grot

* un~wdovontifik toll of ouol tNao cout Woro CONIflfll1fl Tholio gero1l'm O1'2r0'ls Wor() alwayn

a~. low to ho dilucovorod, ý(I hOC1Ul(JU u.l1]pod (Old ind11rOC t co1o1t )u~i.lt upt TO

avo-id thotnio pI'(bI~lamj , 1A cotractLor nut only neodu the ability tW produco

bottor ILnitial mitimnatoI3. I1o LuIfr noodii tho abAility to qui~ckly u-pdLto thlo

14Outimato ali actual. coot and polrformvic u diatex bocomo available to hiLm. In

ognsonco thu contractor roquiroo a dlynamIcI.( outimating abi'lity to quickly



assess the not impact of actual data, This dynamic ability is required to

permit oarly Identification of software problems, The current process is
not adequate,

Currently, the contractor simply seems to prepare his initial estimate

and continue to work until the actual coot makes it blatantly apparent that

the initial ostimate Was wrong, Major changXo in the ihntilal utitmatu do

not occur until I.t is too late to provont major uichodu].o slips. Instead

of this, a dynat.Lc ability In required no that orrov'a in the estimato are

identified quicI ly,

To obtai.n Lhi.s capability, software managers must first understand all

uf the ,nsumptionn which aro made in the initial software cost estimate,

For example, certain moduies are expected to be of a certain length and

programmor productivity In expected to be at a certain level. An actual

sizo and productivity data becomes available, the contractor ahould be

required to return to Ids initial estimate to determine if there wore any

major errors in his assumptions. If there were major errors, then the entire

software osntimato may nueed to be revised. A contractor cannot simply add

the additional coat of one module which doubled Ln size. Ile must determine

if the same doub.Ling :in •izo in posible or probable for the remaining

oeffort,

. To ald the contractor in devoloping a dynamic estimate, the program

office should bo able to dovelop their own dynamic estimate. Using the RCA

PRaICE' model, the program office can develop an initial estimate based on

the clearly identified assumptiono made in the contractorls proposal. As

actual data is zollectod, the program office can re-run the PRICE model to

see if the actual data causes any significant changes in the total cost.

If significant differences are identified between the program office estimate

16 1A9
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j. and the estimate in the Cost Performance Roport, quick mnagoment action

is indicated. The "good times are just around the corner" attitude must

be avoided. As pointed out by Finding #15, things never got better in a

software development. They always got worse, With this in mind, it is

essential that tho contractor develop a dynamic ost nrting capability to

quickly utilizo the actual cost and por•, rraiannco fou.aback viw h Is available.

K The RocoSoendation. Contractor furnished uoitwaro coat information

can offer significant improvementn to software management if a more uniform

and intensive policy is adopted towards the management and utilization of

this information. It is therefore recommended that all coat propobals for

software be required to fully explain and support the method and assumptions

used in estimating software cost. In addition, the estimates provided in

the Cost Performance Reports should be (¥ynamic estimates based on the feed-

back provided from actual cost and perfurmance data.

Future Research Into .OGOftwi-re Cout ,astlmat:lon

As previously otated, the RCA PRICE model may not result in reliable

and accurate estimatesi, While the model does offer promise, it offers no

guarantees. Managers at ESD should not be content with simply adopting

the RCA PRICE model. Further research into this area is essential and

managers should insist that research is continued to better describe the

relationships that exist between software coot, software parameters, and

weapon system parameters.

Howover, any further research into this area needu to be conducted

with strong direction and according to a definite plan, One only has to

look at the many references in this roport's bibliography to appreciate

that millions of DoD dollars must have been spent in the search for Bai

II
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accurate software cost estimating technique, Yft many of the efforts are

repetitive, Most are small efforts with large objectives. Pew, if any,

build upon the efforts of other researchers. The net result is that

despite the expenditure of mill1ons of dollars, the last research efforts

have not resulted in the development of a technique which in reliable or

accurate. Littlo if any use is made by todoy's program manageru ot

yestorday's research into software coat estimating. While the failure

of past efforts may have maliy causes, some seem apparent. Most of the

efforts wore conducted on an individual basis, sponsorod by diffnrent

agencies, with little correolation or cooperation between the efforts.

To inusure that future research efforts do not simply remsult in more

reporta and longer bibliographies, research in the area must be strongly

guided by a wsll-founded plan. While thir type of research might best be

accomplished by a research laboratory much an RADC, the direction of the

effort should be centoreod around the needs of the product divisions such

an FSD. Most of the data required for software cost research in currently

being collected by those weapon system programs havin8 major software

VUacquisitions. Any reseoarch laboratory must rely strongly on this tIpn of

data. While the arrent data might not be uniformly collected, guidance

from a laboratory could be used to standardize the typo and level of soft-

ware coat information collected from contractors. With commcn cost olemonte

and common Lijftware development phasos, researchers would finally be able

to amass enough reliable data to reasonably analyze the relationship

between cost 9.Ad other parameters.

In summary, future research efforts are vitally necessary. However,

any further research efforts should be strongly guided by a research plan.

121
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The ronoarch laburatory and the product div~ifftori ahould coop)orato to tho

* fulleat extont, TVhe laboratory Aisa depondont upon tho product divinulon to

provide well-dofinod snoftwaro cosnt data On ACtUql. noftWArrj M'quUji~tftonn3

The product diviralon in 1:1.1twise dependent upon tho lalboratory to oventual.y

provide &n Imrproved method for ositimnatlng the coiA of :ioftvwaro, Worki.1ni1

toeother jolnt~lyo future o~tfortLI cani xproV;LAl tho 11iforitatio)4 11(olox~icy to

F ~~devoalop the maOOir(Xto and i'ollablo( saofwaro outat outimatot, roqn1ADo'1 fur Goodl

nof 1ware managomont,

I~n rcuoarohing the aroa of sAol~twaro oont ent:Lmation, it wntoi xrdm:1ttodl.1y

easier to merely oxplore how ontAlmototi were ourrmitly being prop~rkrml Tho

moro difficu3.t and more fruittful r'otU.Uhel O1f!A1,111 - to dOV03,o)) it bottor

sof'tware coa~t eait-iratAlnt. technique, However, thin rossoaroh han hopuoklWly

accomj)3.iehod itu objootivo of prov;1dlnjp mmwgoriip irono chrola, And Omijt

oatimcktorin with an iaorotmod ie:nn:1.1ht in.1to the pro'Iem~ni of the 1;ftwaro Ooutt

04titmatitng procoQ1,11j Thris inAma.1,t May npo od the d10ove3.o~u~t of bettor

estimation technA~quou,

Howevor, thore ins ono saction wlxJ.c; h can bottor Improvo the oLntimlktA.(u

of softwaro than tho rocomnondationtu made by thim offoi't or by anky furthor

renearch effort. To improve ujoftwaro cout otitimnation, rIOftWtkurO MAMAsorn

munt rocognizo the Vital importIAnce tht 13oftWIAVO GoIt outimtos1tAJ hve

ijsany software mnanagomont docin:Lons. Thooo ijnt:imatoij a1ro not aiml)?y put

togeher o ti~'f1th roquiromonto of a budg~t .1to.d t~oeuti1mato

becomes "' a primary dociijiion. criteria i~n almortL ovor.y miajor lioft-wror nxunaj~o-

ment dochicon, If dowiinion makornl want to improve the iriauaomoiit of' noft-

ware acquinition, then thoy muot racolp~nizo tho importance that an a(Ccurixto

1.22
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and reliable estimate has to the decision proces,. Once managors rocognize

k, •thisp the inoreased effort and increased attention will probably result in

greater improYement to the software cost estimating process than any other

actiou,

Improving software cost estimates promise@ to improve software manage-

meant, lowever, the reader should remember that cost ontimation is only ono

small facet of the software management environment, If we are to greatly

improve our ability to manage software, then we need to continue research

"in manmy other critical areas such a nsoftware productivity, noftware con-

figuration control, and software milestones, Cost estimating is only one

small part of the manageAent problem.

In conclusion, this research has Identified some problems which ex-lt

at MolD and may exist at other DoD softwaro acquistion activities. It ,i,

hoped that the recommendations resulting from thin reosaroh effort are

favorably considored and adopted by all much activitis•. Their adoption,

coupled with a groater Awaroneoo of the problem area and further research,

promise to improve the manAgement of software acquisition withlin DLO).

1.23
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I Appendix A

•i'*.1 •ACCI/Capt Bourdon/5227/MD/2 Apr 76

ACC 2 April 1976

Software Cost Estimation

DCB DCM MCN OCH WWE

DCJ DCY MC`V OCS X-Rt
DCK FAE OCD CCU YSX
DCL FAM OCL OCW YWX

1 1. Software cost estimation is a difficult and critical
prucess. In order to provide some insight into the
problems of software cost estimation, Capt. Tom Devenny,

" I an AFIT student, is performing a research effort to
F describe and study the software cost estimation process

at ESD. This research effort should provide program
managers a better understanding of software cost estimat-
ing and aid scftware cost estimators in preparing

0 oestimates.

S.I• 2. Your support of this research effort is requested.
r4, Capt Devenny will be conducting interviews at ESD from

( 12 April through 23 April. Request you establish a
point of contact for this interview. The point of
contact should be the person or persons whom you believe
to be most knowledgeable of the software cost estimate(s)
made for your program.

3. Request the name(s) of your point of contact be
forwarded to ESD/ACCI, Capt Bourdon, by 9 April.

RICHARD W. GRIMM, Major, USAF

chief, Cost Analysis IDivision
Comptroller

ACCI

i I 9

Maw ~..1
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Appendix B

SOFTWARE COST ESTIMATION QUESTIONNAIRE

PRIVACY STATEMENT

In accordance with paragraph 30, AFR 12-35, the following informationi ia provided as required by the Privacy Act of 1974:

a. Authority:

(1) 10 U.S.C., 80-12, Secretary of the Air Force, Powers, Duties,
Delegation by Compensation; and/or

(2) EO 93-97, 22 Nov 43, Numbering System for Federal Accounts
Relating to Individual Persons; and/or

•' : (3)DOD Instruction 1100,13, 17 Apr 68, Surveys of Department of
il, Defense Personnel: and/or

(4) AFR 178-9, 9 Oct 73, Air Force MilitorE Survey Program.

b. Principal purposes. This survey is being conducted to collect
information to be used in research aimed at illuminating and providing
inputs to the solution of problems of interest to the Air Force and/or
SDoD. Specifically, this survey aims to provide managers and software
cost estimators greater insight into the area of software cost estimation.

c, Routine uses. The survey data will be converted to information
for use in the research of software cost estimation problems. Results of
the research, based on the data provided, will be included in a written
master's thesis and may also be included in published articles, reports,
or texts. Distribution of the results of the research, based on the
survey data, whether in written form or presented orally will be unlimited.

d, Participation in this survey is entirely voluntary.

e. No adverse action of any kind may be taken against any individual
who elects not to participate in any or all of this survey.

Interviewer: Capt Tom Devenny

Date:

Time:
'14o

Place:

1301
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1. Briefly describe the software acqul.aition a,,ociatod with your

prosram. What is being acquired? When? How?

I,

2. Deacti.be how tho program offico outimato of software corot wau

obtained.

3. Briefly describe your educationOL and work background.

131
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Su.io? How many yearn have you boon -involved in systems' .•'acquivition? .. #of years

5 H how many of those yeare havo you boon involved in
the acauisition of computer softwaie? of years

6, Hlow many college credit hours of software related

courses have you attonded? .l o credit hours

"I.avo you ovor workod arn a programmor? /.Y No
Ho0w long? OF oyrs

8. Have you ovor directly superviasd a group of

programmers? Yeo ___No
Iow long? __# of years

9, flavo you over had any formal training in
cost outimation? yeS No

10. Have you evor ostimated the software coot

of other projocte? You ___No

1) 1,. At the time that tho prograLm offico made ito first formal (e.g.
Program Manaeomont Plan) oeti)AatO of (Joftware development cooto,

how well known wore the following factors?

a. Type of comp.)uter (eog. UYK-7 3 UNIVAC 11081 etc.)

.Defini•oly known __Gonorally known __Slightly known _Unknown

b. Conf;lgiration and typeo of poriphoralo

Definitely known _Gonorally known _Slightly known Unknown

o. Memory and VItorageo e8s.z

D)efinitely known __Gone• rul' known Slightly kiuown __Unknown

do Operating syutom

Definitoly known Gonorally known _Slightly known Unknown

o. C(onpilor and/or arsemblor

""Dofinitoly known -__Gonerally known __Slightly known __Unknown

f. Number and type of intorfacos

Definitely known Gonorally known _S].ightly known __Unknown

g. Number of input mossago typon

SDefinltely known _Gonoral:ly known _Slightly known- Unknown

132
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h. Number of output message types

Definitely known Generally known Slightly'known Unknown

"i, Response time requirements

Definitely known _Generally known _Slightly known __Unknown

J, Number of Computer Program Configuration Items (CPCIa)

Definitely known _Generally known __Slightly known __Unknown

12. At the time the contract was awarded, how well known were the
following factors?

a, Type of computer (e.g. UTK-7, UNIVAC 1108, etc.)

-Definitely known _Generally known -Slightly known __Unknown

b. Configuration and types of peripherals

Definitely known Generally kn•,t'n __Slightly known Unknown

c, Memory and otorago size

-Definitely known _Generally known -Slightly known _Unknown

id, Opurating system

-Definitely known __Genorally known -Slightly known _Unknown

eo Compiler and/or assembler

Definitely known _Generally known __Slightly known __Unknown

f. Number and type of interfaces

-Definitely known _Generally known __Slightly known __Unknown

g, Number of input message types

.- Definitely known -Generally known -Slightly known _Unknown

h, Number of output mersage typos

-Definitely known __Generally known -Slightly known _Unknown

i, Response time requirements

-Definitely known _Generally known __Slightly known _Unknown

,,J, 'Number of Computer Program Configuration Items (CPCIs)

•' Definitely known -Generally known -Slightly known -Unknown

13. Are you familiar with the concept of a "management reserve"? Yes No

133
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14. Did the program office establish a management reserve
W for software? Yes No

15. If yes, was the management reserve left in the program
office budget until the contract was essentially complete? Yes No

16. Do you feel that a software management reserve should be

established for each major software acquisition?

-Strongly agree _Agree _No opinion _Disagree __trongly disagree

17. Do you feel that such a management reserve would be
approved during the budget process at HQ AFSC and -Yes No
HQ USAF? No opinion

18. What size of a management reserve (as a percentage of
the estimated software cost) do you feel a program
similar to yours should budget?

19. Was an independent cost estimate prepared for software? Yes No

20. What was the independent estimate? _

21. What was the program office estimate at that time? $

22. Which estimate do you feel is more accurate? ___SPO ___Independent
:, • __ NO opinion

23# Did you provide the independent estimator with your
estimate of the number of computer inatructions? -Yes No

24. Briefly describe the type of information you provided
to the independent estimator.

'4

25. Was the accuracy of the OPOVs software cost estimate

challenged by anyone? Yes No

26. If yes, by whom? (Please list)

.C 134
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27. Was the accuracy of the contractor's software cust
estimate challenged? -Yes ___No

28. If yes, by whoa? (Please list)

29. What was the program office estimate of software
cost prior to contract award? $

30. What was the contractor's estimate of software cost
in his proposal? $

31. How low do you believe the actual software cost might
eventually be? $_______

32. How high do you believe softtare cost might

eventually be? $

33. What percentage of the contract period is complete? __....__

34. Which of the following contractor tasks were included
in the program office estimate of software cost?

a. Analyze user requirement Yes NoF
b. Prepare system specification Yes No

c, Define system interfaces Yes -' No

d. Design the data base -Yojeu __1:o

e. Develop program test plans -Yes No

f. Specify all input and output message formats ___Yes No

g. Design and flow chart each computer program
component Yes __No

h. Write coded program statements -Yes ___No

i. Compile and check program code _Yes __No

J. Plan and run functional test of each program Yes No

k. Plan and conduct integration test -Yes ___No

1. Train user personnel -Yes ___No

a. Conduct demonstration test Yea No

135
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n. Assist in operational shakedown yes No

o. Develop Foftwaro maintenance plan -Yes __No

p. Maintain software after delivery Yes __No

35. Did the contractor's cost proposal indicate how the
cost of software was estimated? Yea .. No

36. If yes, briefly describe the method the contractor usod
to support his software cost estimate.

37. Was the contract for software awarded (;ompetitively? __Yes _No

38. What was the lowest software cost contained in any of
the contractor proposals (i.e. both successful and[,,unsuccessful bidders)?

39. What was the highest software cout contained in any of
the contractor proposals (i~e. both successful and
unsuccessful bidders)? $_....__..

40. Does/will your contract call for the reporting of
cost data? YesYo _No

41. Does/will the contractor report the cost of software
as a separately identified item? Yes No

142, Does/will the contractor report the total number of
computer instructions? Yoe No

"43. Does/will the contractor report the total number of
computer instructions for each Conputer Program
Configuration Item (CPCI)? Yes ___No

44. Does/will the contractor report the total number of
direct man-hours charged to software? Ye. ,So

45. Does/will the contractor report the total number of
direct man-hours for each CPCI? Yes ___No

I
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46. Doen/%ill the contractor report the number of machine
hours required for software development and test? Yes _No

J47. Does/will the contractor report the number of machine
hours required for the development and test of each
CPI? .. Yes ___No

48. What was the contractor's budgeted cost for software
at tho following points after contract award?

Six mufthU? $

Twelvo utonths? _

SEighteen monthb?

Twenty-four months? $_ ,_,

49, What was the contractor's actual cost for softwaru
Ca. the following points after contract award?

Zix months? _

Twelve months? _

F)ighteen months? |_.......

Twenty-four months? $

50. What was the percent complete reported for soft-

ware at the following points after contract award?

Six months? $

Twelve months?

Mighteen months? $_.._,_-__..

Twenty-four months? . ,

51. What was tho program office estimatod cost of software? ¶; .........

52. What was the software cost estimate in the contractor's
proposal? S_......__

53. What wan the software cost ostimato at the System
Design Review?

54. How many months after contract award was the SUystom
Design Review held? of Months

55. What was the software cost estimate at the Preliminary
Design Review? ______...

56, How many months after contract award was the
Preliminary Design Review hoe.d? # of months

:1.7
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5?0 What mts tho nottware coist oratimato at~ tho Griti~cal.

58, Ito* many vioithus oftok' contra.ct #Aw#Ard want thu
Critical DotjiLg R~viow held'? ~Jof rmonthe

59. O~at In the current nuftwaro coat outimatol?_____

60. Hlow manky months hravo olapnot i.Ao aon~ract aw~ttrc // of montlia
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K ~ VITA

- Captain Thomao -Joseph Dovenny wixe born in Now York City on July 7,

1945. Ito attended Manhatta~n Collogo rocoivl ug a Uc~helor of Science degree

¶in Electrical E'flginoo.-.ing, Oommionioziood thrmvý.n 01 flco" Trai.nigi,n 03c hood

he was firat aUssigned ao a pro~jocL onginour/manut-,or at tho 1~oriae Air Dovoilop-

L ~ment Center, (rif fies APB3, Now York and wani roaponniblo for the devolopmont

and installation of tkiro6 unique data processing syntoma fo~r Uk"AY1,'E kVD#

and MUMAS. Throug~h a combination of luck and dod-icatod contractorap

these systems wez'o successful and are still in act-lvo use After m~uiy yearn,

h ~~ After the tour at the AF'SC laboratoi'y. Capt iDevenay was a~usinod to

the DCZO/flyeome of Headquarters, Air Foroo .1yotornn Com~mand an a Isystom

ofticar. 1Ronpoxnalble fox, the maiiagornont aad budi~otlar, of nutmorous RADC

and MOD prodeots, he aino part:loilatod in ntudion conoorninp Lhe reorr~xi

zation of APSO and the aoquiaitlon of command, control, and oomiuunicittiona

systems*

C'apt Dovonny Jij u IrvOIntly nivili;1o d to) the 0103 of ~U tXngie ThL, AI~1.T

where lie is pursuing a inatitorlai dogrov in 6yrntomw M4nagoviont,

CApt DeV01nny 1.0 N1Ar.1ie.d to the £ozMeI' Miuss 11tty 0110mbi Of ItOM01 Now

- York. They have two ,,h-1ALdion, Kimborly and Miolaol.~

Permaneont addroD!I: 1133 Masft 80 41troot

1'Now York., Now York 1.00;2.
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